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ABSTRACT 


1 .  Radiolysis  -of  diethyl  ether  vapor 

The  y-radiolysis  of  diethyl  ether  vapor  was  studied 
over  the  temperature  range  from  33°  to  220°.  At  temper¬ 
atures  greater  than  80°,  the  formation  of  acetaldehyde  and 
ethane  is  explained  in  terms  of  a  free  radical  chain 
mechanism  in  preference  to  an  ionic  chain  mechanism.  The 
activation  energies  of  reactions  4  and  5  were  found  to 

CHoCH0CoH _  CH-jCHO  +  C0H  (4) 

3  2  5  3  2  3 

C2H5  +  C2H5OC2H5  ^  C2H6  +  CH3CHOC2H5  (5) 

be  E  =19  kcal  mole”1  and  E,  =  9  kcal  mole-1.  The  main 
4 

chain  termination  reaction  in  the  temperature  range  100° 

to  140°  is  reaction  7,  whereas  at  higher  temperatures  the 

ch3choc2h5  +  c2h5  ->  ch3choc2h5  (7) 

t2H5 


main  termination  reaction  is  8. 

2C2H5  *  C4H10 

At  temperatures  greater  than  80°, 
yield  of  radicals  is  G  (ether  -*  R+R  )  = 


(8) 

the  total  primary 

5.8. 


2.  Vapor  phase  radiolysis  of  ethanol 

The  y-radiolysis  of  ethanol  vapor  was  studied  over 
the  temperature  range  from  60°  to  375°.  At  temperatures 
above  200° ,  the  yields  of  hydrogen,  acetaldehyde,  methane, 
formaldehyde  and  ethylene  are  explained  by  free  radical 

The  formation  of  methanol  is  explained 


chain  mechanisms. 
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by  an  ionic  chain  mechanism  involving  reaction  96 

CH20,+  C2H5OH2+  CH3OH  +  CH3CHOH+  (9  6) 

and  diethyl  ether  is  also  formed  by  an  ionic  chain  mech¬ 
anism  involving  reaction  104 


(c2h5oh) 2h+ 

(C2H  5  > 20H+  +  H2 

0 

(104) 

The 

overall  chain  reactions  are  represented  by 

the 

stoichiometric  equations  I 

to 

V 

G37  5° 

C0H  OH 
Z  D 

H2  +  CH3CHO 

90 

(I) 

C2H5OH 

CH20  +  CH4 

60 

(II) 

CH_0  +  C~HcOH 

CH3OH  +  CH3CHO 

45 

(III) 

C  J  OH 
Z  O 

-> 

C2H4  +  H2° 

40 

(IV) 

2C2H5OH 

-> 

C2H5OC2H5  +  H2° 

16 

(V) 

The 

activation  energies 

(in  kcal  mole  ^) 

of  reactions 

84,  88  and  100  are  35  +  5, 

19 

and  28  respectively. 

ch3choh 

CH3CHO  +  H 

(84) 

C2H5° 

-> 

ch3  +  ch2o 

(88) 

CH2CH2OH 

-*■ 

CH2=CH2  +  OH 

(100) 

The  decomposition  of  CH3CHOH  radicals  (reaction  84)  in 
the  pressure  range  65  to  1800  torr  and  at  350°  was  found  to 
be  1.3  order  at  the  lower  pressures  and  1.1  order  at  the 


higher  pressures  and  the  decomposition  of  C2H,_0  and  CH2CH2OH 
radicals  was  found  to  be  1.8  and  1.5  order  respectively  in 
this  pressure  region. 

The  effects  of  the  scavengers  propylene,  sulphur  hexa¬ 
fluoride  and  ammonia  on  product  yields  in  the  radiolysis  of 
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ethanol  vapor  at  350°  was  studied  to  provide  a  test  for 
the  various  postulated  chain  mechanisms. 

The  effects  of  temperature,  pressure,  dose  and 
of  the  additives  propylene,  sulphur  hexafluoride  and 
ammonia  on  product  yields  in  the  radiolysis  of  ethanol 
vapor  at  150°  (non-chain  temperature  region)  were  also 
studied.  The  decrease  in  the  yields  of  hydrogen, acet¬ 
aldehyde  and  ethylene  with  increase  of  ethanol  pressure 
over  the  range  from  45  to  1700  torr  was  interpreted  in 
terms  of  reactions  of  excited  molecules.  The  hydrogen  and 
acetaldehyde  yields  decreased  with  increasing  dose;  this 
was  attributed  to  the  scavenging  of  electrons  by  acet¬ 
aldehyde,  with  the  ultimate  formation  of  (CH3CHO  ) -nC2H5°H' 
The  study  of  the  effects  of  additives  was  carried  out  to 
obtain  more  information  about  the  reaction  mechanism. 
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INTRODUCTION 

A.  General . 

Radiation  chemistry  is  the  study  of  the  chemical 
effects  produced  by  the  absorption  of  high  energy  radia¬ 
tion  in  matter.  The  high  energy  radiations  commonly  used 
are  a-,  3-,  y-rays,  x-rays,  high  energy  charged  particles 
(electrons,  protons,  deuterons ,  helium  ions)  from  accel¬ 
erators  and  fast  neutrons  (1) . 

The  work  described  later  in  this  thesis  deals  with 

the  study  of  the  chemical  changes  produced  by  the  absorp- 

0 

tion  of  energy  from  Co  y-rays  in  organic  vapors.  In 
this  section,  an  attempt  will  be  made  to  trace  the  various 
advances  that  have  been  made  toward  the  understanding  of 
the  primary  and  secondary  chemical  phenomena  in  the 
radiolysis  of  gases.  To  understand  the  radiation  chemical 
action  one  needs  to  know  the  nature,  mode  of  formation, 
spatial  distribution  and  various  possible  reactions  of  the 
intermediate  species . 

The  decay  of  ^^Co  nuclei  leads  to  the  emission  of  y— 
photons  of  mean  energy  1.25  MeV.  When  these  y-photons  pass 
through  matter  they  can  transfer  energy  to  the  matter.  Of 
the  several  possible  interactions  that  can  contribute  to 
the  energy  absorption  from  the  y-rays,  the  Compton  process 
is  the  most  important.  The  high  energy  primary  electrons 
(mean  energy  0.6  MeV)  produced  by  the  interaction  of  the. 
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y-rays  with  the  medium,  create  further  ionization  and 
excitation  of  the' medium.  The  electrons  set  in  motion  by 
the  primary  electrons  are  called  secondary  electrons.  These 
secondary  electrons  produce  further  ionizations  and  excit¬ 
ations.  When  the  electron  energy  has  been  reduced  to  below 
the  first  ionization  potential  of  the  molecule,  only  excit¬ 
ation  of  the  molecules  takes  place.  Ultimately,  the 
electrons,  having  lost  most  of  their  energy,  become  thermalized 
and  may  then  be  captured  by  neutral  molecules  to  form  nega¬ 
tive  ions  or  undergo  neutralization  with  positive  ions: 

AB  +  e~  ->  AB~  (or  A  +  B~) 

+  -  * 

AB  +  e  +  AB 

The  excited  molecules  may  dissociate  to  form  radicals 
or  smaller  molecules: 

* 

AB  A  +  B 

Mp  +  M2 

The  lower  energy  secondary  electrons  usually  travel  a  dis¬ 
tance  of  more  than  1  y  before  being  thermalized  in  the 
y-irradiation  of  gases  at  atmospheric  pressure  (2) . 

The  probability  that  the  electrons  escape  the  field 
of  their  parent  positive  ions  in  the  irradiation  of  gases 
at  atmospheric  pressure  is  close  to  unity.  Similarly,  a 
pair  of  neutral  free  radicals  formed  from  the  decomposition 
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of  a  given  molecule  in  a  gas  at  atmospheric  pressure  have 

$ 

a  negligible  chance  of  back-reacting  with  each  other  (2) . 

These  intermediate  species  (electrons,  positive  ions, 
excited  molecules,  radicals)  can  undergo  several  possible 
types  of  reactions  to  form  the  final  products. 

For  quantitative  measurements,  the  radiation  chemist 
must  know  the  amount  of  energy  absorbed  by  the  medium 
from  the  y-rays .  The  determination  of  this  quantity  con¬ 
stitutes  radiation  dosimetry.  The  yields  of  various  pro¬ 
ducts  can  then  be  expressed  in  terms  of  the  energy  absorbed 
by  the  medium.  As  early  as  1910,  Lind  pointed  out  that  in 

gas  phase  radiolysis  the  product  yields  can  be  expressed 

M 

as  the  number  of  molecules  formed  per  ion  pair  (^-)  (3)  . 

However,  the  number  of  ion  pairs  formed  in  condensed  systems 
could  not  be  measured,  so  the  term  G  value  was  introduced 
to  express  the  product  yields.  Thus  G(X)  means  the  number 
of  molecules  of  the  product  X  formed  for  each  100  eV  of 
energy  absorbed  by  the  medium.  The  G  value  is  related  to 
the  ion  pair  yield  by  the  following  formula: 

M  100 

G  =  —  x  - 

N  W 

where  W  is  the  average  energy  expended  to  form  an  ion  pair . 

Several  gas  phase  chemical  dosimeters  have  been  suggested. 
Radiation  induced  polymerization  of  acetylene  with  G{-C^E.2^  = 
71.9  has  been  used  (4) .  The  measurement  of  the  amount  of 
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nitrogen  formed  in  the  radiolysis  of  nitrous  oxide  has 
also  been  suggested,  but  lack  of  agreement  in  the  reported 
G(N2)  values  in  the  literature  (5,6,7)  makes  the  use  of 
this  dosimeter  undesirable.  Back  (8)  has  suggested  the 
measurement  of  hydrogen  in  the  radiolysis  of  ethylene  as 
a  suitable  gas  phase  dosimeter.  Simple  manometric  measure¬ 
ments  of  the  pressure  of  carbon  disulphide  has  also  been 
recommended  (9) .  The  drop  in  pressure  of  carbon  disulphide 
caused  by  y-rays,  electrons  or  protons  was  found  to  be 
independent  of  dose,  dose  rate  or  carbon  disulphide  pressure. 

The  measurement  of  the  saturation  ionization  current  is 
the  most  direct  method  of  gas  phase  dosimetry  (8,10) .  The 
saturation  current  is  measured  as  a  function  of  the  amount 
of  gas  in  the  cell.  From  these  measurements,  the  number  cf 
amps,  per  mole  of  the  gas  (J) ,  is  calculated.  The  dose  rate 
is  given  by  the  following  equation: 

Dose  rate  (ion  pairs/mole  sec)  =  ^ 

•  -19 

where  e  is  the  electronic  charge  =  1.602  x  10  coulombs. 

To  convert  this  dose  rate  into  terms  of  energy  for  calcu¬ 
lation  of  G  values,  ^  is  multiplied  by  the  W  value  of 
the  irradiated  gas.  Many  research  workers  adopted  this 
method  of  dosimetry  because  V7  values  can  be  readily  measured 
(11,  12,  13) .  Meisels  (11)  determined  W  values  for  the 
partial  absorption  of  1  MeV  electrons  by  organic  and  in- 
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organic  compounds  and  found  these  values  to  be  the  same 

» 

as  those  reported  earlier  for  lower  energy  electrons. 
Meisels  concluded  that  stopping  powers  can  be  used  to 
calculate  the  relative  energy  absorption  in  gases. 

B.  Reactive  intermediate  species  and  their  reactions. 

1 .  Reactions  of  positive  ions . 

The  various  reactions  that  the  positive  ions  undergo 
will  be  described. 

a.  Charge  transfer:  If  a  positive  ion  X+  collides 

with  a  neutral  molecule  Y  (ionization  potential  of  Y  <  X) , 
charge  transfer  can  occur. 

X+  +  Y  X  +  y+ 

Charge  transfer  reactions  can  be  used  to  generate  and  study 
the  reactions  of  certain  positive  ions,  for  example,  the 
reaction 

Xe+(2P3,2P1)  +  C3H8  ->  Xe  +  C3Hg+* 

2  2 

has  been  used  to  study  the  reactions  of  excited  propane 
ions  (C3Hg+  ) (14) . 

Meisels  (15)  noted  that  in  the  radiolysis  of  ethyl¬ 
ene,  the  butene  yield  was  increased  by  the  addition  of 
compounds  that  have  a  lower  ionization  potential  than  that 
of  butene.  The  addition  of  compounds  that  have  higher 
ionization  potential  than  that  of  butene  did  not  affect 
the'  butene  yield.  Miesels  explained  this  on  the  basis  of 
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the  following  reaction  scheme: 


C2»4+  +  C2H4  -  C4H8+ 


C.Hg+  +  CA  -+  C4H  +  CA+ 


where  CA  is  the  charge  acceptor. 

Similar  observations  have  been  reported  (16,17)  in 
the  radiolysis  of  cyclobutane  in  the  presence  of  various 
charge  acceptors . 


b.  Proton  transfer:  A  positive  ion  can  transfer  a 

proton  to  another  species  if  its  proton  affinity  is  higher 

than  that  of  the  donating  species.  For  example,  it  was 

observed  that  C0Hr+  ions  react  with  polar  compounds  mainly 

A  D 

by  the  transfer  of  a  proton  (18) : 

C2H5+  +  M  C2H4  +  MH+ 

where  M  =  CH3OH,  CH3NC>2,  CH3OCH3,  (CH3)2N2. 

Proton  transfer  reactions  such  as  the  following  have 
been  observed  in  mass  spectrometric  investigations. 


c2h5oh+ 

+ 

C2H5OH 

-y 

C2h5°H2+  + 

CH3CHOH 

(ref . 

19) 

CH3CHOH+ 

+ 

C~H  cOH 
A  D 

-y 

C2H5OH2+  + 

CH3CHO 

(ref . 

19) 

CH3CO+  + 

CH3COCH3 

-y 

CH3COHCH3+ 

+  CH2CO 

(ref . 

20) 

CH3OH+ 

+ 

(ch3) 20 

-y 

(ch3) 20+h 

+  CH2OH 

(ref . 

21) 

Mass  spectrometric  investigations  by  Kebarle  (22)  and 
Munson  (20)  have  demonstrated  the  existence  of  ion  clusters 
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in  various  polar  gases . 


c.  Hydride  ion  transfer:  Field  and  Lampe  (23) 
showed  that  the  reaction 


+  C  H 
n 


2n+2 


+  RH  +  C  H 
n 


+ 

2n+l 


where  R  is  an  alkyl  ion,  occurs  in  the  mass  spectrometer 
with  a  high  cross-section  when  the  molecule  is  larger 
than  the  ion. 

Hydride  ion  transfer  is  essentially  the  only  mode  of 
reaction  between  alkyl  ions  and  alkane  or  cycloalkane 
(except  cyclopropane)  molecules  (24,25). 

sec-C3D7+  +  n“C4Hj_o  CD^CDHCD^  +  sec-C^H^* 


For  cyclopropane,  although  the  reaction 

C2D5+  +  (CH2>3  +  C2D5H  +  C3H5+ 


is  exothermic  by  approximately  25  kcal  (24) ,  yet  it  has 
been  found  that  in  the  radiolysis  of  deutero  propane- 
cyclopropane  mixtures,  the  yield  of  C2D5H  is  extremely 
small.  This  indicates  that  an  alternative  reaction  bet¬ 
ween  the  alkyl  ion  and  cyclopropane  occurs.  The  suggested 
reaction  can  be  written  as  (24) . 

CnD2n+l+  +  (CH2>3  *  [CnD2n+l (CH2> 3]+  *  Cn+lH2D2n+l+  +  C2H4 


Hydride  ion  transfer  from  saturated  hydrocarbons  to  olefinic 
ions  is  also  possible  (24,25). 
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However,  in  these  cases,  transfer  of  H2“  to  olefinic  ions 
competes  with  the  H  transfer  reactions. 

The  occurrence  of  the  hydride  ion  transfer  reaction 
has  been  used  for  the  detection  of  carbonium  ions  (26) . 

d.  H2  transfer  reaction:  An  unsaturated  hydrocarbon 
ion  or  a  cyclopropane  ion  can  abstract  H2"  from  larger 
saturated  hydrocarbons  (24) . 


C  H+  +  AH0 
n  m  2 


C  H  J  _  +  A 
n  m+2 


+ 


Reactions  of  this  type  were  first  observed  in  the  radioly¬ 
sis  of  propane  (27)  and  in  various  mass  spectrometric 
studies  on  simple  alkanes  (28,29)  .  The  reaction  of 
C-D*  with  CD_CH0CH_CD_  and  (CH_)„CD 

J  b  3  Z  Z  3  3  3 


C3D6+  +  CD3CH2CH2CD3  +  CD3CD2CD2H  +  C4D5H3+ 

C3D6+  +  (CH3)3CD  +  CD3CDHCD3  +  C4Hg+ 

shows  that  the  hydrogen  atom  on  the  terminal  carbon  atom 
of  n-butane  or  isobutane  is  transferred  to  the  centre 
carbon  atom  of  C3Dg+,  whereas  the  secondary  or  tertiary 
hydrogen  atom  is  transferred  to  the  terminal  carbon  on 
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e.  H2  and  H  transfer  reactions:  An  alkane  or  cyclo¬ 
alkane  molecular,  ion  can  donate  a  hydrogen  atom  to  an 
unsaturated  molecule  (30) .  For  example 


C3H8+  + 


C2H4 


C3H7 


+ 


+  C0Hc 
Z  D 


°-C6H12+  +  C2H2  +  c-C6H11+  +  C2H3 


Hydrogen  molecule  transfer  from  an  alkane  or  cycloalkane 
ion  to  an  unsaturated  hydrocarbon  with  fewer  carbon  atoms 
than  the  parent  ion  can  also  take  place. 


c  H  +  AH  +  C  H  _  +  A+ 
n  m  2  n  m+2 


(CD2)3  abstracts  a  hydrogen  molecule  from  ions  such  as 

C~C6H12  '  c-C5H10+'  n-C5H12+'  i-C5H12+/  to  form 
^D2HCD2CD2H  (25,31).  The  fact  that  the  propane  product 

consists  mainly  of  CD2HCD2CD2H  indicates  that  the  hydrcgen 

molecule  transfer  reactions,  for  example,  in  the  case  of  the 


radiolysis  of  cyclohexane-cyclopropane-d^  mixtures, 


can  be  represented  as : 
+ 


ft 


H0C  CH0 

2|  ,  2 

H2  \  /CH2 

CH2 


+ 


D0C 

* 


H  ,cr  CH - H - CD- 

■  il  2>cd2 

CH - H - CD,-^  * 

\  /  2 

CH2 


h2c 


-> 


C ,H  _  +  CD„HCD0CD„H 

6  10  2  2  2 


The  occurrence  of  the  hydrogen  molecule  transfer 
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reaction  in  the  liquid  phase  radiolysis  of  cyclopentane- 

« 

cyclopropane-dg  mixtures  has  been  demonstrated  (32). 
Schuler  (33)  gave  evidence  for  the  occurrence  of  the 
hydrogen  molecule  transfer  reaction  in  the  radiolysis 
of  dilute  solutions  of  14C-cyclopropane  in  n-hexane. 

He  observed  that  the  predominant  radioactive  product 
obtained  was  propane. 


f.  Condensation:  Condensation  reactions  are  those 
in  which  a  strongly  bound  reaction  complex,  which  may 
or  may  not  be  stabilized  by  collision,  is  produced  (24) . 


A+  +  B 

-»■ 

+  * 

AB 

+  * 

AB  +  M 

-y 

AB+  +  M 

+  * 
AB 

-y 

fragments 

The  charged 

species  formed 

in 

the  fragmentation  process 

a  higher  molecular  weight 

than  its  precursor  ion  A+ . 

For  example 

(34)  , 

C2H4+  +  C2H4 

-y 

+  * 

C4H8 

n 

X 

00 

+ 

* 

+ 

X 

CD 

-y 

C4H8+  +  Xe 

+  * 

C4H8 

-y 

C3H5+  +  CH3 

~y 

C4H7+  +  H 

g.  Decomposition:  Excited  polyatomic  ions  can  de¬ 
compose.  For  example,  the  reaction 
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CH3CH2OH+*  ->  CH3  +  CH2OH+ 

accounts  for  half  of  the  ionic  cracking  pattern  in  the  ■ 
mass  spectrometer  (4) .  The  excited  ion  can  also  decom¬ 
pose  by  loss  of  a  hydrogen  atom  (35a) : 

ch3ch2oh+*  -»■  ch3-ch=6h  +  H 

Labeling  experiments  with  deuterium  have  shown  that  this 
characteristic  M-l  ion  (CH3CHOH)  results  from  loss  of 
the  hydrogen  atom  attached  to  the  same  carbon  atom  as  the 
hydroxyl  group  (35b) .  These  decomposition  reactions  in 
radiolysis  systems  are  in  competition  with  the  deactiva¬ 
tion  reaction 

CH3CH2OH+*  +  M  CH3CH2OH+  +  M 

Decomposition  is  favored  by  large  amounts  of  excitation 
gy  per  degree  of  freedom  in  the  ion  and  low  inter 
molecular  collision  rates  in  the  system. 

h.  Neutralization:  The  less  reactive  ions  in  the 

radiolysis  systems  undergo  neutralization.  Woodward  and 
Back  (36)  from  their  studies  of  the  effects  of  dose  rate 
and  an  applied  electric  field  on  the  hydrogen  yield  pro 
duced  in  hydrocarbon  gases,  concluded  that  when 
neutralization  occurs  on  the  wall,  no  hydrogen  is  pro¬ 
duced,  while  neutralization  in  the  gas  phase  may  result 
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in  the  formation  of  H  atoms.  The  deactivating  effect  of 
the  wall  on  the  neutralization  was  also  indicated  in  the 
radiolysis  of  neopentane  (37). 

Johnson  and  Warman  (38)  observed  that  in  the  radioly¬ 
sis  of  propane,  the  electron  scavengers  (nitrous  oxide, 
sulphur  hexafluoride,  carbon  tetrachloride)  decrease  the 
hydrogen  yield-,  indicating  that  no  hydrogen  atoms  are 
produced  in  a  negative  ion  -  positive  ion  neutralization 
process . 

2 .  Electrons  and  negative  ions. 

a.  Electrons  can  attach  to  neutral  molecules  which 
have  a  positive  electron  affinity  to  form  an  excited 
negative  ion  (2) . 

_  _* 

XY  +  e  XY 

The  excited  negative  ion  may  then  undergo  one  of  four 
possible  reactions: 


_* 


XY 

-> 

XY  +  e 

(I-D 

autoionization 

X  +  Y~ 

(1-2) 

dissociation 

_* 

XY  +  M 

-> 

XY~  +  M 

(1-3) 

collisional 

stabilization 

_* 

XY  +  Z 

-> 

XY  +  z” 

(1-4) 

electron 
donation . 

_* 

Reaction  1-4  can  only  occur  if  the  lifetime  of  XY  is 
long  enough  for  it  to  encounter  Z  enough  times  for  the 
reaction  to  occur.  The  following  reactions  have  been 
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suggested  to  take  place  in  the  vapor  phase  radiolysis  of 
methyl  cyclohexane  in  the  presence  of  pairs  of  additives 
N20,  DI  and  SF6  (39) . 

n2o  +  sf6  +  n2o  +  sf6 

N20~+  DI  ->  N20  +  Dl“ 

SF  ~  +  DI  ->  SFC  +  Dl” 

6  6 

b .  Electron-ion  neutralization  and  ion-ion  neutral- 

ization:  This  has  been  discussed  previously  in 

the  section  on  the  reaction  of  positive  ions. 

c.  Ion-molecule  reactions:  Negative  ions  can  also 
undergo  ion— molecule  reactions  analogous  to  those  of  the 
positive  ions.  However,  at  present,  the  information  about 

them  is  very  scanty. 

3.  Neutral  excited  molecules 

Most  of  the  information  concerning  neutral  excited 
molecules  comes  from  studies  of  (a)  photolysis,  (b)  gas  phase 
radiolysis  in  the  presence  of  an  applied  electric  field. 

a#  Photolysis :  The  most  direct  information  regarding 
the  decomposition  of  neutral  excited  molecules  can  be 
obtained  from  photolysis  experiments  carried  out  at  photon 
energies  below  the  ionization  potential  (2,25,40,41,42). 

O 

In  the  photolysis  of  alkanes  at  1470  A,  the  elimina 
tion  of  a  hydrogen  molecule  from  a  single  carbon  atom, 
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leading  to  the  formation  of  the  corresponding  carbene, 


is  an  important  process  (42) . 


* 


CnH2n+2 


Molecular  alkanes  can  also  be  eliminated  in  a  primary 
process  resulting  in  the  formation  of  a  carbene  or  olefin 
as  the  corresponding  fragment: 


* 


C  H0  L_ 
n  2n+2 


where  (n'+n" )  =  n 


It  has  also  been  found  that  with  an  increase  in  the 
photon  energy,  the  importance  of  hydrogen  molecule  elimin¬ 
ation  decreases  and  that  of  C-C  and  C-H  bond  cleavage 
increases  (25) .  It  is  seen  that  in  the  photolysis  of 
cyclohexane,  the  yields  of  cyclohexene  and  hydrogen  de¬ 
crease  as  the  photon  energy  is  increased,  demonstrating  a 
decreased  importance  of  the  hydrogen  molecule  elimination 
process  (25)  . 

Reactions  of  excited  olefins  have  also  been  studied 
(43) ,  but  relatively  little  work  has  been  done. 

The  use  of  photoionization  experiments  has  been  very 
recently  reviewed  by  Ausloos  (44) .  When  a  molecule  absorbs 
a  photon  of  energy  greater  than  its  ionization  potential, 
the  following  processes  may  take  place: 


AB  +  hv  ->  AB+  +  e 


(direct  ionization) 
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* 


AB  +  hv  ->  AB 


where  AB  is  a  super- 
excited  state 


AB 


(autoionization) 


A  +  B  (dissociation) 


->  A+  +  B 


(ion  pair  formation) 


The  term  " superexcited  state"  refers  to  the  neutral  ex¬ 
cited  molecule  whose  energy  content  is  larger  than  its 

first  ionization  potential  (45) . 

To  obtain  dependable  information  regarding  the  modes 
of  decomposition  of  superexcited  molecules,  the  photon 
energy  must  be  chosen  in  such  a  way  that  the  ionization 
efficiency  is  relatively  low  and  the  ion  molecule  reaction 
mechanism  is  not  too  complex.  Studies  of  this  type  have 
been  carried  out  on  many  compounds,  as  for  example,  cyclo¬ 
butane  (16) ,  and  propylene  (46) . 

b .  Gas  phase  radiolysis  in  the  presence  of  an  electric 


field:  When  an  electric  field  is  applied  across 


a  gas  under  irradiation,  ions  are  collected  at  the  elect¬ 
rodes.  As  the  strength  of  the  electric  field  is  increased, 
the  radiation  induced  current  increases  until  it  reaches 
a  value  that  remains  constant  with  further  increase  of  field 
strength.  This  constant  current  is  called  the  "saturation 
current".  As  the  field  strength  is  increased  still  further, 
the  secondary  electrons  become  sufficiently  accelerated 
that  they  can  cause  further  ionization,  thereby  increasing 
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the  current  by  ion-multiplication. 


It  has  been  found  that  in  the  vapor  phase  radiolysis 
of  hydrocarbons,  with  applied  electric  fields  in  the 
saturation  current  region,  but  below  that  required  for 
electron  multiplication,  the  yields  of  some  of  the  pro¬ 
ducts  increase  (41,47,48,49,25)  and  the  yields  of  some 
products  remain  unchanged.  The  increase  in  product 
yields  has  been  ascribed  to  the  decomposition  of  neutral 
excited  species  formed  by  collisions  of  molecules  with 
electrons  accelerated  by  the  applied  field.  The  products 
resulting  from  fast  ion-molecule  reactions  remain  unaffec¬ 
ted.  The  use  of  this  technique  will  be  illustrated  by 
the  following  example:  In  the  radiolysis  of  an  ethane 
ethane-dg-nitric  oxide  (1:1:0.05)  mixture,  the  yields 
of  methane-d4  and  ethylene-d4  increase  with  an  increase 
in  the  applied  field  strength  whereas  the  yields  of 
CD3H  and  C2D3H  remain  constant  (41).  Carmichael  et  al. 

(41)  concluded  from  their  observations  that  CDjH  and  C^H 
are  formed  by  fast  ion-molecule  reactions  whereas  CD4 
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and  C-2®4  are  f°rmec^  by  the  following  sequence  of  neutral 
excited  molecule- decompositions : 


C„Dr  +  e 
2  6 


C2D6 


C2D4*  +  M 


CnD/-  +  e 
2  6 

+  CD4  +  CD2 

"  D2  +  C2D4 

2D  +  C0D  . 
2  4 

+  C2D4  +  M 


The  formation  of  C^D^H  can  be  explained  by  the  following 
H  transfer  reaction 

C„D  *  +  C~D_H  +  ChHc  + 

23  26  2  6  2d 

The  CD^H  can  be  formed  by  several  ion-molecule  reactions. 
Reactions  of  excited  olefins  have  also  been  studied  by 
the  electric  field  technique.  As  an  example,  Meisels 
and  Sworski  (43)  obtained  evidence  for  the  occurrence  of 
the  following  processes  in  the  radiolysis  of  ethylene  : 


* 


C2H4 

-y 

C2H2 

+ 

H2 

* 

C2H4 

-> 

^2H3 

+ 

H 

* 

C2H4 

C2H2 

+ 

2H 

4 .  Neutral  free  radicals 

a.  In  radiolysis  systems  free  radicals  may  be  formed 
by  the  decomposition  of  excited  molecules  and  ions,  by  ion- 
molecule  reactions  and  by  the  reactions  of  other  free  radi¬ 


cals  with  molecules . 


. 
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* 

0,-H,  „ 

6  14 

i 

-> 

ch3 

+ 

C5H11 

(CoHc0H+) * 

Z  D 

-  y 

CH3 

+ 

CH2OH+ 

C„H  OH+  +  CnH  OH 
Zd  Z  5 

-* 

C2H 

cOH 

D 

2+  +  CH3CHOH 

CH3  +  CH3OH 

-y 

ch4 

+ 

CH2OH 

Radical  scavengers  are  generally  used  to  distinguish 
the  reactions  occurring  by  means  of  free  radical  inter¬ 
mediates  from  intramolecular  processes.  The  radical  re¬ 
actions  are  suppressed  by  the  scavengers  and  sometimes 
it  is  possible  to  identify  the  radicals  by  characterizing 
the  new  products  formed  (50) .  There  are  three  distinct 
ways  in  which  scavengers  are  used: 

(i)  The  scavenging  of  a  particular  product  is 
studied  as  a  function  of  the  scavenger  concentration. 
The  scavenger  concentration  is  increased  to  the  ex¬ 
tent  that  there  is  no  more  change  in  the  product 
yield.  Scavengers  generally  used  for  this  purpose 
are,  as  for  example,  iodine  and  diphenylpicryl- 
hydrazyl.  The  yield  of  the  unscavenged  product 

can  then  be  measured. 

(ii)  Competition  between  reactions  of  a  given 
radical  with  the  scavenger  and  the  substrate  are 
studied.  For  example,  in  the  vapor  radiolysis  of 
methanol-propylene  mixtures  (51) ,  the  rapid  de¬ 
crease  of  the  hydrogen  yield  was  attributed  to  the 
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following  competition  reactions: 


k 


1 


H  +  CH3OH 


k 


}  h2  +  ch2oh 


H  +  C-H , 
3  6 


2 


From  the  decrease  of  hydrogen  yield  as  a  function 

of  propylene  concentration,  the  value  of  —  can 

kl 

be  determined  (51) . 

(iii)  Labeled  scavengers  have  been  used  to 
determine  the  yields  of  the  different  types  of 
free  radicals.  Examples  of  such  scavengers  are 

1 o i  , 

I  (52)  ,  tritium  iodide,  and  C-contammg 
methyl  and  ethyl  radicals  (53) .  These  produce 
labeled  products  which  can  be  analyzed  by  radio¬ 
gas-chromatography  . 

Electron  spin  resonance  (esr)  spectroscopy 
has  been  used  to  detect  the  free  radicals.  For 
example  the  presence  of  ct— hydroxy  alkyl  raaicals 
have  been  detected  during  esr  studies  of  irr¬ 
adiated  solid  primary  alcohols  (54,55). 

Schuler  (56)  used  esr  methods  to  observe 
alkyl  radicals  in  liquid  hydrocarbon  systems 
during  irradiation  with  2.8  MeV  electrons. 

Using  pulse  radiolysis  and  optical  ab¬ 
sorption  techniques,  the  rate  of  decay  of 
radicals  has  been  measured  in  liquids.  An 
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ultraviolet  absorption  band  in  irradiated 

# 

ethanol  was  attributed  to  CH^CHOH  radicals 
(57)  . 

Smith  (58)  has  described  an  indirect 
method  of  studying  the  vapor  phase  radioly¬ 
sis  of  gases  by  esr  techniques.  A  stream 
of  vapor ,  irradiated  with  a  beam  of  40  KeV 
Ar+  ions  is  directed  onto  a  surface  cooled 
to  77°K.  The  solid  deposit  is  studied  by 
esr  techniques.  Any  radicals  observed  must 
be  formed  as  a  consequence  of  ion  bombard¬ 
ment  of  the  vapor.  In  this  way,  the 
CH^CHOH  radical  was  detected  in  ethanol 
vapor  radiolysis  (58) . 

b.  Reactions  of  free  radicals:  Several  reviews  of 
monoradical  reactions  have  appeared  (59,60,61,62).  The 
main  information  that  leads  to  the  understanding  of 
monoradical  reactions  comes  from  photolysis  and  pyrolysis 
studies.  The  main  types  of  reactions  that  the  monoradicals 
undergo  will  be  illustrated  by  examples  (i)  combination 
(1-5),  (ii)  disproportionation  (1-6,  1-7),  (iii)  abstraction 
(1-8),  (iv)  addition  to  double  bonds  (I~9,  I~10) ,  (v)  dis¬ 

sociation  (1-11,  1-12) ,  (vi)  isomerization  I~13) . 
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2CH_CH0CoHc 
3  Z  b 

-> 

(CH3CHOC2H  ) 

(1-5) 

2CH-CHOH 

3 

-y 

CH3CH20h  +  CH3CHO 

(1-6) 

2CH  oCH0CoH  c 
3  Zb 

-y 

CHoCH„0C„Hc  +  CH  =CH0CoH 

3  Z  Z  b  Z  Zb 

(1-7) 

CH30  +  CH4 

-y 

ch3oh  +  ch3 

(1-8) 

CH30  +  CH2=CH2 

-> 

CH3OCH2CH2 

(1-9) 

3  +  CH3-CH=CH2 

-y 

C4H9 

(1-10) 

(CH3) 3co 

~y 

CH3  +  CH3COCH3 

(1-11) 

CHoCH0CoH 

3  Zb 

-y 

CHoCH0  +  C0Hc 

3  Zb 

(1-12) 

'C6H5)3C-CH2 

-y 

(C6H5>2C-CH2C6H5 

(1-13) 

C .  Ef  fect  of  gas  density 

It  has  been  found  in  radiolysis  experiments  that  the 
product  yields  change  markedly  as  the  density  of  the  gas 
is  increased  over  the  range  0.01  -  0.4,g/cc.  This  change 
in  product  yields  with  increase  of  density  may  be  due  to 
the  following  causes: 

(i)  Collisional  deactivation  of  the  excited  mole¬ 
cules  and  ions  competes  with  their  decomposition 
reactions  as  the  density  of  the  vapor  increases . 

(ii)  The  probability  of  geminate  recombination  of 
radicals  increases  with  increase  of  density  of  the 
vapor . 

Both  these  factors  cause  a  decrease  in  the  ex¬ 
tent  of  the  decomposition  of  the  irradiated  compound 
with  the  increase  in  the  density  of  the  vapor. 

(iii)  The  probability  of  the  recapture  of  elect¬ 
rons  by  their  parent  positive  ions  increases.  The 
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increased  probability  of  geminate  recombin¬ 
ation  of  positive  ion  and  electron  decreases 
the  lifetime  of  positive  ions  markedly  which 
may,  in  turn,  affect  the  secondary  reactions 
of  these  ions. 

Jones  (63)  studied  the  variation  of  product  yields 
with  density  (0.0079  -  0.42  g/cc)  in  the  vapor  phase 
radiolysis  of  cyclohexane  at  300°.  He  found  that  the 
yields  of  low  molecular  weight  hydrocarbon  products 
(methane,  ethane,  ethylene,  propane  and  propylene)  de¬ 
crease  with  increasing  density  of  cyclohexane  vapor.  The 
yields  of  products  at  high  density  are  comparable  to  the 
yields  from  cyclohexane  liquid  at  room  temperature.  From 
this,  he  concluded  that  the  difference  in  yields  is  not 
due  to  a  difference  in  phase,  but  is  dependent  on  the 
density  of  cyclohexane. 

The  variation  of  product  yields  in  the  radiolysis  of 
ethane  over  the  density  range  from  0.001  to  0.30  g.cc  1 
(64,65)  and  in  the  radiolysis  of  propylene  over  the  range 
0.01  to  0.12  g.cc  ^  (66)  have  also  been  studied. 

Toi  et  al.  (67)  studied  the  variation  of  the  yields 

of  hydrogen  and  nitrogen  with  change  of  density  over  the 

-4  -1 

range  5.5  x  10  -  0.312  g.cc  m  the  radiolysis  of 

ammonia  at  137°.  The  yields  of  hydrogen  and  nitrogen 
were  constant  up  to  a  density  of  0.05  g.cc  \  At  den- 
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sities  exceeding  0.05  g.cc  ^ ,  the  yields  of  hydrogen 
and  nitrogen  decreased  markedly.  Nishikawa  and  Shinohara 
(6  8)  also  observed  that  the  yie'lds  of  hydrogen  and  nitro¬ 
gen  were  unaffected  with  change  of  density  (0.0005  - 
0.0067  g.cc  ^)  in  the  radiolysis  of  ammonia  at  25°. 

Radiolysis  of  propane  gas  at  35°  and  760  torr  and 
also  of  liquid  propane  at  35°  have  been  studied  (69a) . 

It  was  observed  that  a  change  from  gas  to  liquid  phase 
decreased  G(-C^Hg)  by  14  percent  and  the  radical  yield 
by  4  percent  (69a).  Radiolysis  of  liquid  propane  in 
the  presence  of  oxygen  has  also  been  studied  (69b) .  It 
was  observed  that  a  change  from  gas  to  liquid  phase  at  35° 
decreased  the  ionic  decomposition  yield  by  £  69  percent 
(69b)  . 

D .  Effect  of  dose. 

The  increase  of  total  dose  will  only  affect  the  pro¬ 
duct  yields  if  a  radiolysis  product  acts  as  a  scavenger 
of  reactive  intermediates.  For  example,  in  the  radiolysis 
of  ethane,  the  decrease  in  hydrogen  yield  with  increasing 
dose  was  attributed  to  the  scavenging  of  hydrogen  atoms 
by  ethylene  which  is  one  of  the  radiolysis  products  (70)  . 
In  the  radiolysis  of  propane,  the  decrease  in  the  yield 
of  propylene  with  increasing  dose  was  due  to  the  addition 

of  hydrogen  atoms  to  propylene  and/or  the  scavenging  of 

+  + 

ionic  precursors  of  hydrogen  atoms  (C3H7  ,  C3Hg  )  by  pro- 
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pylene  (71) . 

E.  Chain  Reactions. 

Two  types  of  chain  reactions  will  be  considered,  (i) 
those  with  free  radicals  as  chain  carriers  and  (ii)  those 
which  have  ionic  intermediates  as  chain  carriers. 

1.  Free  radical  chains 

When  a  chemical  reaction  proceeds  by  a  chain  mechanism 
with  free  radical  chain  carriers,  the  essential  feature  is 
that  the  chain  carrier  which  is  destroyed  is  replaced  by 
a  new  chain  carrier.  The  new  chain  carrier,  which  may 
differ  chemically  from  the  original  chain  carrier,  takes 
part  in  another  propagation  reaction.  Under  favorable 
conditions  this  sequence  of  reactions  may  be  repeated 
several  times  before  the  radical  is  destroyed,  in  other 
words,  a  chain  reaction  takes  place. 

The  initial  step  in  a  chain  reaction,  the  production 
of  an  atom  or  radical  from  a  molecule  is  often  a  diffi¬ 
cult  one  because  of  the  high  activation  energy  require¬ 
ments.  Before  the  molecule  can  decompose,  it  must  possess 
a  certain  amount  of  internal  energy.  This  energy  can  be 
supplied  by  several  methods,  as  for  example  thermal, 
photolytic  and  radiolytic  methods.  Most  of  the  inform¬ 
ation  concerning  the  free  radical  chain  reactions  at  pre¬ 
sent  is  available  from  pyrolysis  studies.  Excellent 
discussion  about  chain  reactions  is  given  in  many  books 
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(1^72,73,74,75).  In  this  section  thermal,  photolytic 
and.  radiolytic  .methods  of  chain  initiation  will  be 
illustrated  by  examples. 

The  following  mechanism  has  been  suggested  in  order 
to  explain  the  pyrolysis  of  dimethyl  ether  (72)  . 


M  +  CH3OCH3 

ch3  +  ch3och3 
ch2och3 

M  +  CH30 
H  +  CH3OCH3 
CH3  +  CH3  +  M 


->  CH3  +  CH30  +  M 

->  ch4  +  ch2och3 
->  ch2o  +  ch3 
CH20  +  h  +  m 

+  H2  +  CH2OCH3 

+  C0H,  +  M 
2  o 


where  M  is  a  third  body. 

The  reaction  of  hydrogen  and  chlorine  provides  a 
good  illustration  of  a  photochemical  chain  reaction  (75) . 

When  a  mixture  of  hydrogen  and  chlorine  is  irradiated  with 

0 

light  of  wavelengths  less  than  4000  A  an  extremely  fast 
reaction  takes  place.  The  following  mechanism  has  been 
suggested  (75) : 


C1  +  H2  - 
H  +  C12  + 
Cl  +  wall  -> 

Cl  +  Cl  +  M  -> 


2C1 

HC1  +  H 
HC1  +  Cl 


Cl2  +  M 


McNesby  (76)  studied  the  chain  decomposition  of  pro- 

O 

pane  induced  by  light  of  wavelength  1470  A  over  the  temp- 


' 


■ 


iv 


■ 


v 


26 


erature  range  25°  to  320°. 

The  y-radiation  induced  addition  of  hydrogen  bro¬ 
mide  to  ethylene  with  the  formation  of  bromoethane  is  a 
well  known  example  of  a  radiation  induced  chain  reaction 
(1) .  The  mechanism  is: 

HBr ,  C2H4  — active  species  CH2CH2Br 
CH2CH2Br  +  HBr  +  C2H5Br  +  Br 
Br  +  C2H4  +  C2H4Br 

A  definite  termination  step  in  the  chain  mechanism  was  not 
established . 

2 .  Ionic  chains 

Very  few  examples  of  vapor  phase  ionic  chain  reactions 
are  available.  H.  Okamoto  et  al.  (77)  have  suggested  that 
radiation  induced  polymerization  of  isobutene  vapor  at  25° 
proceeds  via  ionic  intermediates.  They  found  that  the 
polymerization  was  markedly  retarded  by  the  presence  of 
ammonia,  indicating  a  cationic  mechanism.  They  suggested 
the  following  mechanism  for  polymerization  (77) : 

M  M+  +  e~  (1-14) 

where  M  is  isobutene 

M+  +  M  ->  MH+  +  R  '  (1-15) 

The  chain  carriers  are  carbonium  ions : 

MH+  +  M  ->  M2H+  an<^  so  on  (1-16) 

The  nature  of  the  termination  reaction  is  less  certain: 

M  H+  +  X  ->  M  +  HX+ 
n  n 


(1-17) 
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where  X  indicates  the  wall  of  the  vessel  and  possibly 
trace  impurities..  Chain  transfer  can  also  take  place 
by  proton  transfer  from  a  polymer  ion  to  a  monomer 


molecule 


M  H  +  M 


M  +  MH 


(1-18) 


n 


n 


The  retarding  effect  of  ammonia  is  attributed  to  proton 


transfer,  reaction  (1-19) 

„  „+ 


M  H 


+  NH0  M  +  NH  . 
3  n  4 


+ 


(1-19) 


n 


F.  Previous  studies  in  the  vapor  phase  radiolysis  of 
diethyl  ether  and  ethanol. 

1 .  Diethyl  ether 

Very  little  work  has  been  done  on  the  vapor  phase  radi¬ 
olysis  of  diethyl  ether.  Baxendale  and  Gilbert  (78)  measured 
the  yields  of  hydrogen  and  methane  in  the  y-radiolysis  of 
diethyl  ether  vapor  at  116°  and  140  and  470  torr  pressure. 

They  found  G(H  )  =  6.75  +  0.05  and  G(CH4)  =  3.55  +  0.15.  Ng 
and  Freeman  (79)  determined  the  yields  of  various  gaseous 
and  liquid  products  in  the  y-radiolysis  of  diethyl  ether 
vapor  (1.4  g/1) at  25°.  From  a  comparison  of  the  product 

yields  from  the  radiolysis  of  (C2H5^2°'  (CD2CH2^  2°'  (CH^CD2^  2° 

and  (CnDc) „0,  it  was  noted  that  a-C-H  bond  cleavage  was  most 
2  5  2 

important  in  the  hydrogen  and  methane  formation,  and  3— C-H 
bond  cleavage  was  most  important  in  ethylene  formation.  They 
also  studied  the  effect  of  1 , 3-pentadiene  on  product 
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yields  ( 79 )  . 

# 

2.  Ethanol 

Although  extensive  work  has  been  done  on  the  liquid 
phase  radiolysis  of  ethanol,  very  little  information  is 
available  about  the  vapor  phase  radiolysis.  The  yields 
of  various  liquid  and  gaseous  products  have  been  measured 
in  the  a-radiolysis  of  ethanol  vapor  at  108°  (80) .  The 

effects  of  added  cyclohexene  and  benzene  on  the  yields 
of  hydrogen,  methane  and  carbon  monoxide  were  also 
studied  ( 81) . 

Myron  and  Freeman  (82) ,  studied  the  y-radiolysis  of 
ethanol  vapor  at  105°  and  800  torr  pressure.  The  yields 
of  various  gaseous  and  liquid  products  were  measured  and 
also  the  effect  of  1 , 3-pentadiene  on  product  yields  was 
studied  (82) .  Sieck  and  Johnsen  (4)  studied  the  radiolysis 
of  ethanol  vapor  at  25°  and  45  torr  pressure,  using  2.0 
MeV  electrons.  The  effect  of  nitric  oxide,  propylene  and 
oxygen  on  product  yields  was  also  studied  (4).  H.  Hotta 
et  al.  (83)  studied  the  y-radiolysis  of  ethanol-ethylene 
mixtures  over  the  temperature  range  100-200°.  The  major 
products  formed  were  2-alkanols,  3-methyl-3-alkanols  and 
2-ketones  ( 83) . 

The  variation  of  the  yields  of  hydrogen,  methane, 
carbon  monoxide,  ethane,  ethylene,  acetylene  and  acet¬ 
aldehyde  as  a  function  of  hydrochloric  acid  concentration 
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has  also  been  studied  in  the  y-radiolysis  of  ethanol- 
hydrochloric  acid  mixtures  at  105°  (84) .  The  yields  of 

methane,  carbon  monoxide,  acetylene,  ethylene  and  ethane 
were  independent  of  hydrochloric  acid  concentration. 

The  yield  of  hydrogen  increases  from  6.35  to  8.73  as  the 
hydrochloric  acid  concentration  is  increased  from  0.0  to 
1.05  mole  percent.  The  yield  of  acetaldehyde  first  in¬ 
creases  from  3.54  to  4.43  with  increase  of  acid  concent¬ 
ration  from  0.0  to  0.265  mole  percent  and  then  decreases 
to  1.93  as  the  acid  concentration  is  further  increased  to 
1.05  mole  percent  (84). 

G.  Object  of  the  present  work. 

The  pyrolysis  mechanisms  of  diethyl  ether  (85,86)  and 
ethanol  (87,88)  vapors  are  very  complex  partly  because  of 
the  high  temperature  (>500 °C)  used  to  initiate  the  chain 
reactions.  At  these  high  temperatures,  several  secondary 
reactions  take  place.  It  was  felt  that  by  initiating  the 
chain  reaction  by  y-radiation,  we  could  study  the  chain 
decomposition  of  diethyl  ether  and  ethanol  vapors  at  much 
lower  temperatures,  thereby,  making  the  systems  less 
complex . 

In  the  radiation  induced  chain  decomposition  of 
ethanol,  free  radical,  electron  and  proton  scavengers  were 
used  to  study  the  contribution  of  free  radical  and  ionic 
chain  carriers  in  the  overall  mechanism  of  product  form¬ 
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During  the  course  of  this  work,  a  detailed  study 

was  made  of  the  vapor  phase  radiolysis  of  ethanol  at 

15°° '  at  which  temperature  chain  decomposition  does  not 
occur. 
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EXPERIMENTAL 

A.  Materials. 

1 .  Radiolysed  Compounds 

a*  Diethyl  ether:  Spectrograde  diethyl  ether  from  Eastman 
Organic  Chemicals  Co.  was  dried  over  sodium  and  was 
stored  in  a  reservoir  in  the  vacuum  system.  No  impur¬ 
ities  were  detected  by  gas  chromatographic  analysis  of 
the  diethyl  ether  on  silicone  grease,  di-2-ethyl  hexyl 
sebacate  and  tetraethylene  glycol  dimethyl  ether  columns. 
It  was  used  as  supplied  after  drying  over  sodium. 

b.  Ethanol :  Benzene  free  absolute  ethanol  from  Reliance 
Chemical  Co.  was  used.  The  specifications  quoted  were: 

Ethanol  by  volume  >  99.9% 
water  content  <  0.1% 

benzene  <  0.0009% 

In  order  to  remove  the  trace  amounts  of  acetaldehyde 
present,  2  liters  of  ethanol  were  refluxed  for  2  hrs 
after  the  addition  of  3  g  of  2,4-dinitro  phenyl  hydra¬ 
zine  and  2  ml . of  concentrated  sulphuric  acid.  It  was 
then  distilled  through  a  column  packed  with  glass 
helices  into  a  reservoir  attached  to  the  vacuum  line. 
Only  the  middle  fraction  was  collected.  During  the 
refluxing  and  distillation,  the  alcohol  and  the 
distillation  system  were  protected  from  atmospheric 
oxygen  and  moisture  by  a  stream  of  dry  nitrogen.  The 
•  purified  ethanol  was  degassed  and  stored  under  vacuum 
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in  a  Pyrex  reservoir. 

2 .  Compounds  used  as  additives 

a.  A)Monia:  Anhydrous  ammonia  from  Canadian  Industries 
Ltd.  vzas  used.  It  was  subjected  to  several  trap  to 
trap  distillations  in  the  vacuum  line,  using  liquid 
nitrogen  as  coolant.  The  condenser  trap  was  pumped 
on  during  the  distillations.  The  ammonia  was  finally 
condensed  into  a  storage  reservoir  in  the  Gas 
Storage  Assembly  2  (Fig.  3,  page  39). 

b.  Propylene :  Phillips  research  grade  propylene  had  a 
stated  purity  of  99.99  mole  percent.  It  was  degassed 
by  trap  to  trap  distillation  and  then  condensed  into 

a  storage  reservoir  in  the  Gas  Storage  Assembly  2  (Fig. 

3,  page  39)  of  the  vacuum  system. 

c.  Sulphur  hexafluoride:  Sulphur  hexafluoride  from 
Matheson  Co.  was  degassed  by  trap  to  trap  distillations, 
using  liquid  nitrogen  coolant.  After  degassing,  the 
sulphur  hexafluoride  was  condensed  into  a  storage 
reservoir  in  the  Gas  Storage  Assembly  2  (Fig.  3,  page  39) 
of  the  vacuum  system.  Only  the  middle  fraction  was  re¬ 
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3. 

Compounds  Used  for 

Identification  and 

Calibration  Standards 

No. 

« 

Compound 

Supplier 

1. 

Acetal 

Eastman  Organic  Chemicals  Co. 

2. 

Acetaldehyde 

Eastman  Organic  Chemicals  Co. 

3. 

Acetylene 

Matheson  of  Canada  Ltd. 

4. 

n-butane 

Phillips  Research  Grade  (Mole 
percent  purity  99.9). 

5. 

2 , 3-butanediol 

Anachemia  Chemicals  Ltd. 

6. 

sec-butyl  alcohol 

Eastman  Organic  Chemicals 

7. 

sec-butyl  ethyl 
ether 

Frinton  Labs . 

8. 

Carbon  monoxide 

Matheson  of  Canada  Ltd. 

9. 

2 , 3-diethoxybutane 

Prepared  by  Moore’s  method  (89) 

and  was  distilled  before  use. 
This  was  further  purified  by 
gas  chromatography  using  a 
silicone  grease  column. 


10. 

Die thoxyme thane 

Eastman  Organic  Chemicals  Co. 

11. 

Ethane 

Phillips  Research  Grade  (Mole 
percent  purity  99.92) 

12. 

Ethylene 

Phillips  Research  Grade  (Mole 
percent  purity  99.99). 

13. 

Ethyl  isopropyl 
ether 

Frinton  Labs . 

14. 

Ethyl  methyl 
acetal 

This  was  prepared  by  the  method 
described  by  Juvet  and  Chiu 
(90)  and  was  distilled  before 
use . 

15. 

Ethyl  vinyl  ether 

Eastman  Organic  Chemicals  Co. 

~l  1 
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16. 

Formaldehyde  solution 

» 

Fischer  Scientific  Co. 

17. 

Isopropyl  alcohol 

The  Nichols  Chemical  Co. 

Ltd . 

18. 

Methane 

Phillips  Research  Grade  (Mole 
percent  purity  99.58) 

19. 

Methanol 

Shawinigan  Co. 

20. 

Paraformaldehyde 

Shawinigan  Co. 

21. 

Propane 

Phillips  Research  Grade  (Mole 
percent  purity  99.99). 

22 

1 , 2-Propanediol 

Eastman  Organic  Chemicals  Co. 

The  compounds  were  used  as  supplied 
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B.  Vacuum  techniques 

1-  Main  Vacuum  Manifold  (Fig.  1) :  A  vacuum  system  was 
used  for  sample  preparation  and  gas  analysis.  It 
was  constructed  of  Pyrex  glass  tubing,  stopcocks  and 
traps.  Stopcock  was  greased  with  silicone  grease 
(Dow  Corning)  .  Stopcocks  Sy/S2,  S,-  to  S^  (4mm  bore 
high  vacuum  stopcocks)  and  S^  (10  mm  bore  high  vacuum 
stopcock)  were  greased  with  Apiezon  N  grease  (Associ¬ 
ated  Electrical  Industries  Ltd) .  When  the  system  was 
in  use,  trap  T-^  was  immersed  in  liquid  nitrogen.  The 
system  was  evacuated  by  the  mechanical  pump  (Welch 
Duo-Seal  Model  No.  1405-6)  and  mercury  diffusion  pump. 
The  pressure  was  measured  with  a  Pirani  Vacuum  Gauge 
(Type  GP  110,  Consolidated  Electrodynamics).  When 
the  system  was  not  in  use,  the  liquid  nitrogen  was 
removed  from  around  the  trap  T^  and  stopcock  was 
opened  to  the  atmosphere. 

2.  Gas  Storage  Assembly  1  (Fig.  2) :  The  gas  needed  for 
gc  calibration  purposes  was  transferred  through 
stopcock  Sg  to  the  gas  analysis  system.  Before  the 
storage  bulbs  were  filled  with  gases,  each  gas  was  freed 
of  air  by  subjecting  it  to  several  trap  to  trap 
distillations.  The  condenser  trap,  cooled  by  liquid 
nitrogen,  was  pumped  on  during  the  distillation  to 
remove  non-condensables. 
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Fig.  1  Main  Vacuum  Manifold 
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Fig.  2  Gas  Storage  Assembly  1 
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3.  Gas  Storage  Assembly  2  (Fig.  3) :  The  gases  to  be 

used  as  additives  in  the  radiolysis  study  were  de¬ 
gassed  and  stored  in  the  bulbs  SB1,  SB2 ,  SB3. 

C .  Sample  Preparation 

1*  Sample  Preparation  Manifold:  This  manifold  is  shown 
in  Fig.  4.  For  diethyl  ether  storage,  the  storage 
bulb  (S.B.)  was  a  1000  ml  round  bottom  flask.  For 
storing  ethanol,  the  storage  bulb  used  was  of  the 
type  shown  in  Fig.  5. 

2.  Irradiation  Bulbs:  These  were  500  ml  round  bottom 

Pyrex  glass  flasks  with  break  seals  and  filling  tubes 
attached.  The  break  seal  was  at  the  end  of  a  14/20 
Standard-Taper  inner  joint.  The  bulbs  were  cleaned 
with  permanganic  acid,  followed  by  thorough  washing 
with  tap  water.  They  were  then  rinsed  with  a  dilute 
solution  of  nitric  acid  and  hydrogen  peroxide  and 
finally  several  times  with  double-distilled  water. 

The  break  seal  was  then  made  at  the  end  of  the  14/20 
Standard  Taper  inner  joint.  The  irradiation  cell  was 
then  attached  to  the  vacuum  line  as  shown  in  Fig.  4. 
Stopcock  S.C^  was  opened  to  the  rough  vacuum  manifold 
(not  shown  in  Fig.  4) .  Water  was  pumped  off  the  walls 
of  the  irradiation  cell  and  the  sample  preparation  line, 
except  the  stopcocks,  by  heating  them  with  a  flame  and 
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Fig.  3  Gas  Storage  Assembly  2 
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Fig.  4  Sample  Preparation  Manifold 


1000  ml  storage 
bulb 
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Sample  preparation  manifold 


Fig.  5.  Storage.  Bulb  for  Ethanol 
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pumping  at  the  same  time.  Stopcock  S.C^  was  then  closed 
and  stopcock  S.C^  was  opened  to  the  high  vacuum  side. 
The  bulbs  were  baked  at  a  temperature  of  about  450°C, 
while  being  evacuated,  for  3-4  hours  before  filling. 

3 .  Filling  the  Irradiation  Cells 

a.  Diethyl  ether  samples:  Diethyl  ether  was  vacuum  dis¬ 
tilled  from  the  reservoir  into  the  1  ml  calibrated 
tube,  which  was  immersed  in  a  Dry  Ice-acetone  slush 
bath,  by  opening  the  Republic  valve.  The  valve  was 
then  closed  and  the  desired  volume  of  ether  was 
measured  at  the  temperature  of  the  Dry  Ice-acetone 
slush  bath  (-83°C) .  This  was  then  distilled  into 
the  trap  T^  (Fig.  4) ,  which  was  immersed  in  liquid 
nitrogen..  Trap  T^  was  pumped  on  during  the  distill¬ 
ation.  Traps  2  and  3  were  also  immersed  in  liquid 
nitrogen  during  sample  preparation.  Stopcock  S.C-^ 
was  then  closed  and  the  ether  was  distilled  back  into 
the  graduated  tube.  Trap  T^  was  again  immersed  in 
liquid  nitrogen.  Stopcock  S.C^  was  opened  to  the 
high  vacuum  side.  The  sample  was  distilled  into  the 
trap  T^.  This  procedure  was  repeated  three  times. 

The  sample  was  then  distilled  into  the  irradiation 
bulb  which  was  finally  sealed  off  from  the  vacuum 


line  with  a  flame. 
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t> .  Ethanol  samples:  Ethanol  was  vacuum  distilled  from 
the  reservoir  into  the  1  ml  graduated  tube  which 
was  immersed  in  an  ethylene  dichloride  slush  bath 
(-35°C) .  The  volume  of  ethanol  was  measured  at 
-35°C.  The  rest  of  the  procedure  adopted  for 
transferring  the  ethanol  into  the  irradiation  bulbs 
was  the  same  as  for  the  diethyl  ether  samples. 

c.  Ethanol,  plus  gaseous  additives  NH^,  SF^)  :  T^e 

gas  to  be  used  as  scavenger  was  transferred  from  the 
storage  bulb  into  the  calibrated  bulb  attached  to  the 
gas  storage  assembly  2  (Fig.  3) .  The  pressure  and 
temperature  of  the  gas  was  measured.  This  known 
amount  was  then  condensed  into  the  irradiation  bulb 
by  opening  stopcock  (Fig.  3)  to  the  sample  pre¬ 
paration  manifold. 

d.  Ethanol  plus  formaldehyde:  Formaldehyde  was  obtained 
by  heating  paraformaldehyde  under  vacuum.  Paraform¬ 
aldehyde  was  weighed  in  a  break  seal  tube  and  was 
thoroughly  degassed  using  liquid  nitrogen  as  coolant. 
After  degassing,  it  was  sealed  off  from  the  vacuum 

line  with  a  flame  and  was  then  attached  at  point  X 

\ 

on  the  sample  preparation  manifold  (Fig.  4) .  A 
known  volume  of  ethanol  was  distilled  into  the  irrad¬ 
iation  cell.  The  break  seal  and  the  glass  tubing 
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connecting  it  to  the  irradiation  cell  were  heated 
by  wrapping' it  with  heating  tape.  The  seal  was 
broken.  Paraformaldehyde,  on  heating  forms  form¬ 
aldehyde,  which  then  condensed  directly  into  the 
irradiation  cell.  The  ethanol  plus  formaldehyde  in 
the  irradiation  cell  were  degassed  once  again  and 

finally  the  cell  sealed  off  from  the  vacuum  line  with 
a  flame. 

D.  Irradiation  of  the  samples. 

1.  The  samples  were  irradiated  at  various  temperatures. 
The  irradiation  cells  were  enclosed  in  a  heating 
mantle.  The  cells  were  brought  to  the  desired  temp¬ 
erature  and  the  temperature  was  controlled  to  ±1°C. 
The  temperature  was  measured  with  an  iron  constantan 
thermocouple . 

The  irradiation  source  was  a  12,000  curie  Gamma- 
cell-220  obtained  from  Atomic  Energy  of  Canada  Ltd. 
The  leads  for  electrical  and  thermocouple  connections 
were  brought  into  the  irradiation  chamber  through  the 
top  of  the  Gammacell. 

2.  Dosimetry :  Ethylene  was  used  for  dosimetry.  A  500 
ml  bulb  was  filled  with  a  known  pressure  of  ethylene. 
The  amount  of  ethylene  taken  into  the  cell  was  such 
that  the  electron  density  of  the  ethylene  samples  was 
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approximately  the  same  as  that  of  the  ether  in 

» 

ether  samples  and  of  the  ethanol  in  ethanol 
samples.  The  total  yield  of  the  non-condensable 
gaseous  products  was  measured  by  a  Toepler-McLeod 
apparatus.  The  gases  were  analysed  on  a  Molecular 
Sieve  column.  The  gas  collected  at  -210°C  (solid 
nitrogen  temperature)  contained  hydrogen  and  meth¬ 
ane.  The  amount  of  hydrogen  was  calculated  by 
subtracting  the  methane  yield  from  the  total  gases. 

The  dose  rate  value  in  ethylene,  calculated  on  the 
basis  of  GCH^)  =  1.28  (8),  was  4.8  x  10^  eV/ghr. 

To  prevent  ethylene  from  entering  the  McLeod  gauge, 
a  solid  nitrogen  trap  was  used.  The  dose  rate 
was  calculated  as  shown  below: 

Dose  rate  (  -  )  in  ethylene  = 

25 

no.  of  moles  of  x  6.023  x  10 

1.28  x  Irradiation  time  x  no.  of  grams  of  ethylene 

in  hrs 

The  value  for  G(CH^)  =  0.07  was  obtained  in  the 

radiolysis  of  at  25°C  and  at  a  pressure  of  44.67 

19 

cms .  The  dose  rate  in  ethylene  was  4.8  x  10  eV/ghr. 

This  value  of  G(CH^)  v  0.07  is  in  good  agreement  with 

the  value  G(CH^)  v  0.07  reported  by  Dorfman  (91). 
eV 

Dose  rates  ( - )  in  diethyl  ether  and  ethanol  were 
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calculated  from  the  dose  rate  in  ethylene  by  using 
Bethe's  equation  (see  Appendix  B) . 

E .  Product  analysis 

1*  Gas  analysis:  The  gas  analysis  system  is  shown  in 

Fig.  6.  After  the  system  was  evacuated,  the  mercury 
float  valve  was  closed  between  the  diffusion  pump 
and  the  traps.  The  irradiated  bulb  and  traps  T^  and 
T2  were  immersed  in  liquid  nitrogen.  Solid  nitrogen 
was  prepared  in  the  solid  nitrogen  trap.  The  break 
seal  on  the  irradiated  sample  was  broken.  The  mercury 
float  valve  was  then  opened.  The  liquid  nitrogen  was 
removed  from  around  the  irradiated  bulb  and  the  sam¬ 
ple  was  allowed  to  distill  into  trap  T^ .  During  the 
distillation,  the  non-condensable  gases  were  collected 
in  the  McLeod-Toepler  apparatus.  Then  liquid  nitrogen 
was  removed  from  around  the  trap  T^  and  the  sample 
was  allowed  to  distill  into  trap  Pumping  with 

the  Toepler  pump  was  continued  throughout  the  distil¬ 
lation.  When  no  more  gas  was  being  collected,  as  shown 
by  a  constant  reading  in  the  McLeod  gauge,  the  mercury 
float  valve  was  closed.  The  pressure  and  temperature  of 
the  gas  were  measured  in  a  known  volume.  The  total 
number  of  moles  of  <^is  was  calculated.  The  gas  was  dir¬ 
ectly  transferred  on  to  the  gas  chromatographic  column 
by  means  of  the  gas  sampler  (Fig.  9).  The  gas 
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Fig.  6  Gas  Analysis  System 
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collected  at  -210°C  (solid  nitrogen  temperature) 
contained  hydtogen,  methane  and  carbon  monoxide. 

The  remainder  of  the  gaseous  products  was  re¬ 
moved  in  a  second  distillation  using  an  n-pentane  slush 
(-130°C)  around  the  traps.  In  some  experiments  ethanol 
slush  (-112°C)  was  used  in  place  of  n-pentane  slush. 

The  C 2  -  hydrocarbons  were  sometimes  analyzed 
by  condensing  the  entire  irradiated  sample  into  a  small 
thin  walled  bulb  and  transferring  the  contents  of  the 
bulb  directly  into  the  gas  chromatographic  carrier  gas 
stream  using  a  bulb  crushing  apparatus. 

2 .  Liquid  product  analysis: 

a.  Irradiated  diethyl  ether  samples:  After  removal  of 

the  gaseous  products,  the  remainder  of  the  sample  was 
distilled  into  a  small  bulb  of  the  type  shown  in  Fig. 

-7a,  attached  to  the  gas  analysis  system  at  X  (Fig.  6). 
The  bulb  was  then  sealed  off  the  anlysis  line  with  a 
flame.  50  yl  of  the  liquid  was  withdrawn  by  means  of 
a  syringe  through  the  Neoprene  seal  on  the  side  arm  of 
the  small  bulb  and  was  then  injected  onto  the  gas 
chromatographic  column.  In  most  of  the  cases,  separate 
irradiated  samples  that  had  not  been  used  for  gas  analy¬ 
sis,  were  used  for  quantitative  determination  of  the 
liquid  products.  While  transferring  the  liquid  products 
into  the  small  bulb  (Fig.  7a) ,  freezing  of  the  sample 
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Fig.  7  Liquid  Sample  Bulbs,  for  Product  Analysis 
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was  avoided,  to  prevent  polymerization  of  the  pro¬ 
duct  aldehydds . 

b.  Irradiated  ethanol  samples:  For  irradiated  ethanol 
samples,  the  small  bulb  used  for  liquid  products 
collection  was  of  the  type  shown  in  Fig.  7b.  After 
the  removal  of  the  gaseous  products,  the  remainder 
of  the  sample  was  distilled  into  the  small  bulb  and 
this  then  was  sealed  off  from  the  analysis  line  with  a 
flame.  In  most  of  the  cases,  separate  irradiated  sam¬ 
ples  were  used  for  liquid  product  analysis.  The  gaseous 
product  yields  from  these  samples  were  not  measured, 
and  while  transferring  the  liquid  products  into  the 
small  bulb,  freezing  of  the  sample  was  avoided,  to 
prevent  polymerization  of  the  aldehyde  products.  The 
bulb  that  had  been  removed  from  the  gas  analysis  line 
was  opened  and  a  one  microliter  aliquot  of  the  liquid 
was  injected  into  the  gas  chromatograph  equipped  with 

a  suitable  column  for  the  analysis. 

c.  Formaldehyde  analysis:  Aqueous  formaldehyde  solution 
(37  weight  percent)  from  Fischer  Scientific  Corporation 
was  used  for  the  preparation  of  the  calibrating  solu¬ 
tions.  The  weight  percent  of  formaldehyde  in  the 
aqueous  solution  was  checked  using  the  sodium  sulphite 
method  (92).  Calibration  solutions  of  formaldehyde 
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with  concentrations  in  the  same  range  as  found 
in  the  irradiated  samples  of  diethyl  ether  and  ethanol 
were  prepared.  The  chromotropic  acid  method  was  used 
(80) .  The  method  was  modified  for  formaldehyde 
analysis  in  diethylether  (79). 

F .  Gas  Chromatography 

1.  Gas  Chromatographic  Apparatus:  The  gas  chromatographic 
unit  is  illustrated  in  Fig.  8.  The  thermal  conductivity 
detector  with  W-2  filaments  and  the  power  supply  for 
W-2  filament  bridges  were  manufactured  by  Gow  Mac 
Instrument  Co.  A  recorder  from  E.  H.  Sargent  and  Co. 
(Cat.  No.  S72180)  was  used.  The  columns  were  2%  meter 
heated  U  tubes.  When  in  use,  the  column  was  enclosed 
in  a  box  packed  with  glass  wool.  To  measure  the  temp¬ 
erature  of  the  column,  an  iron-constantan  thermocouple 
was  inserted  in  the  effluent  end  of  the  column.  Helium 
was  the  carrier  gas.  The  gas  flow  was  controlled  with 
fine  needle  valves  (Edward  High  Vacuum  Ltd) .  The  flow 
rate  was  measured  with  a  bubble  flow  meter.  The  drying 
tube  was  packed  with  Molecular  Sieve  13X.  The  detector 
temperature  was  kept  at  205°C.  A  detector  current  of 
250  mA  was  used.  Liquid  samples  were  injected  directly 
onto  the  column  at  point  I  using  a  Hypodermic  syringe. 
The  gas  samples  were  transferred  by  means  of  the  gas 
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Fig. 8  Gas  Chromatographic  System 

(Thermal  conductivity  detector) 
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sampler  (Fig.  9). 

Two  other  gas  chromatographs  (Perkin  Elmer  Model 
881  and  F  &  M  Scientific  Corp .  Model  5750)  equipped 
with  flame  ionization  detectors  were  used  with 
coiled  columns  made  from  Pyrex  glass  tubing. 
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Fig.  9  Gas  Sampler 
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2. 


No 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 


Materials  used  for  Gas 


'  Analysis 

Material 

Celite-Kromat  Ce 

Carbowax  4000  on 
Chromosorb  W 

Di-2-ethyl  hexyl  sebacate 
on  Diatoport  WAW  60-80  mesh 

Molecular  Sieve  13  x,60- 
80  mesh 

Polypak-1,  40-80  mesh 

Polypak-2,  40-80  mesh 

Porapak  T ,  80-100  mesh 

Silica  gel 
(Medium  activity) 

Silicone  grease  on  Dia¬ 
toport  WAW  60-80  mesh 

Tetra  ethylene  glycol 
dimethyl  ether  on 
Diatoport  WAW  60-80  mesh 

1,2,3,  Tris-2-cyano- 
ethoxy  propane 

Ucon  LB  1800  X 


Chromatographic 

Supplier 

Burrell  Corporation 
F  &  M  Scientific  Corp 

F  &  M  Scientific  Corp 

F  &  M  Scientific  Corp 

F  &  M  Sicentific  Corp 

F  &  M  Scientific  Corp 

Waters  Assoc.,  Inc. 
Burrell  Corporation 

F  &  M  Scientific  Corp 

F  &  M  Scientific  Corp 

F  &  M  Scientific  Corp 

Carbide  and  Carbon 
Chemicals  Ltd. 


' 


- 


■ 

- 

■ft 


. 


56 


0 

13 

•H 

0 

0  0 

■p 

O  0 

0 

•0  .0 

0 

-p  -p 

0 

0  0 

P 

0  0 

0 

-P  0 

cn 

0  0 

0  P 

0 

13 

0  0 

0 

0 

O 

-p  0 

a: 

0  0 

£ 

1-1  £ 

0 

0  -H 

u 

P3  -P 

0 

-P 


O 

0 

o 

0 

>1 

LD 

0 

•p 

O 

£ 

•H 

•H 

CM 

0 

0 

> 

1 — 1 

>i 

•H 

1 

rH 

-p 

0 

0 

o 

0 

£ 

"H 

0 

0 

0 

0 

£ 

< 

03 

-p 

•H 

0 

u 

i — 1 

I — 1 

0 

0 

0 

0 

£ 

0 

U 

-P 

m 

m 

0 

■ — 1 

O 

03 

0 

0 

£ 

0 

0 

0 

43 

0 

0 

-P 

0 

r0 

0 

0 

Eh 

4-1 

0 

0 

0 

-p 

g 

1 

0 

p 

0 

0 

i — 1 

0 

0 

0 

0 

0 

0 

P 

u 

-P 

-P 

£ 

O 

0 

0 

u 

0 

0 

EH 

p 

-P 

0 

> 

0 

P 

Q 

£ 

H 


cd 

co 


l 

0  0  — 
O  0  -P 
O  >  43 
•h  tr> 
0  tn-H 
w  0 
0  0  £ 
43  0 
P  0  >1 
43 

>1  0 
0  0  -P 
0  0  0 
0-0  0 
O  -P  O 
•H  0  0 
-P  0  0 
0  -P  P 
-P  0 
0  0  0 
^  O  "H 


0  - 


0 

0 

0 

0 

0 

1 

"d 

> 

0 

0 

> 

0 

> 

0  CO 

•H 

0  — 

u 

•H 

• 

uo 

0 

*0  0 

P^ 

- 

-P 

■H  0 

0  -H 

-p 

0  0 

0 

CO 

-P 

■P  0  *H 

0  • 

0 

-p 

0 

-P  -H 

0  X 

0 

0  -0 

0 

• 

0 

0  0  £ 

0  uo 

0 

£ 

rH 

0  £ 

0  0 

i — 1 

•H  £ 

0 

CO  43 

1 - 1  "0 

(0  — 

P4 

0 

0 

0 

43  0 

0 

-P 

rH 

— 

1 

0  0  0 

rH 

o 

0 

-p  00  -P  0 

0 

0  CM 

>i 

0 

0  0 

-  0 

N. 

0  • 

0  £ 

0 

43 

0 

0  0 

—  0 

0 

K  O  S 

0 

-P  0 

-P 

0 

0  -P  0 

0 

CM  0 

CM 

£ 

0 

£ 

0  0 

W 

0 

£  0  0 

0 

i — 1  rH 

UO 

•H 

•  • 

—  0 

*0 

P3  0 

P-lUO 

•0  P3  43 

0 

•  >i 

• 

-p 

0  CMi — 1  43 

-P 

43 

V. 

0 

— - 

-P  -P  43 

CM  -P  CD 

, — „ 

0  ffi 

—  0 

..  4J 

0 

•  •  0 

-P 

—  0 

- - 

CD 

0 

to 

0 

0 

0  0 

rH 

(0 

0 

0  0 

w 

o 

O 

0 

0  0 

0  U 

0 

0 

- — 

0 

0  0  0 

0 

a) 

• 

•0 

0  0 

0 

• 

•H 

0  4-1 

<s. 

0 

■0  0  0 

• 

0 

0  r- 

-P 

13  4h 

01  -  ■> 

■P  43  0 

0 

^ — . 

rH 

-P  43  4H 

o 

0  — 

0 

— - 

0 

>i 

0  CD 

00 

0 

-P 

0  U0 

>1 

0  -P 

0 

rH  r- 

-P 

0 

43  0 

0  CO 

00 

0 

W  0 

0 

-P 

m 

0  0  0 

to 

>)C0 

0 

0 

-P 

£ 

13  • 

« 

-P 

£  43 

• 

0 

• 

■P  £ 

43  • 

43 

0 

0 

O  -H 

>iCD  r- 

0 

0  -0 

-P 

rH 

O 

CO 

0  0-0 

CM 

-P  CO 

1 

0 

01 

-P  -P 

ffi  — 

Ph 

-P  -P 

w 

< 

P3  -P  -P  co 

W  — 

Ci  ' — l 

LD 

UO 

uo 

r- 

r- 

r- 

o  ^ 

o  ^ 

CO  0 

h1  c n 

0 

0 

0 

0  +J 

0  -P 

U 

tr»  P 

U  tn  P 

0 

0 

0  0 

O  0  0 

-P 

o 

-p  -0 

O  -P  *0 

U 

i — 1 

03 

H  £ 

Ol  rH  £ 

o 

0  — 

0 

0 

LD 

>  O 

1 

>  ai 

1  >  CO 

CO 

1 — 1 

o 

o 

• 

UO 

•  0 

UO  •  0 

1 — 1 

CM 

rH  0 

CM  10  (D 

0 

0  -P 

0  -P 

O 

O  4H 

U  4h 

^  0 

- 0 

PI  £ 

1  Ij 

i — 1 

0  *0 

0 

0 

0  13 

0 

0i 

N  0 

i — 1 

o 

0  £ 

0 

CO 

0 

>1 

•0 

O 

1 

O 

•P 

P 

0 

o 

•0 

•0 

rH 

1 — 1 

VD 

■H 

> 

0 

0 

■0 

■H 

0\°  to 

£ 

+> 

CM 

•fc 

u 

0  ^ 

K. 

X 

•w 

0 

0  o  >| 

0  CO 

0 

0  *0  -P 

0 

1 — 1 

0 

g 

•P  1 - 1  *0 

•P 

+ J 

p 

0  -0  > 

0 

0 

0 

•0 

£  w  -0 

£ 

>  43 

£  13 

-P 

0  Cfl 

0 

Jf  0  o 

A" 

■I  1  0 

A" 

£ 

CM  o  0 

CM 

0  £ 

CM 

• 

I - 1 

• 

CM 

• 

CO 

in 


■ 


■  ■ 


Columns  used  for  Analysis  cont'd 


57 


u 


i 

1 

0 

« - 1 

• 

0 

0 

do 

1 

0 

p 

I - 1 

o 

Pd 

i 

0 

g 

•  • 

dO-H 

4J 

g 

0 

0 

44 

0 

0 

0 

-p 

do 

44 

•H 

Pd 

do  CO 

•H 

•H 

p 

14-1 

03 

0 

Pd 

U) 

0 

X 

44 

0 

44 

Pa 

• 

0 

44 

> 

Sb 

0 

0 

0 

•H 

4-> 

o 

0 

■H 

0 

O 

CN 

> 

0  0 

0 

> 

0 

• 

0 

> 

4-> 

CN 

0 

LO 

rt 

> 

0 

g 

•H 

P 

— ' 

•H 

0 

0 

1 — 1 

U) 

•H 

g 

u 1 

■H 

0 

K. 

in 

CN 

-P 

< 

•H 

0 

03 

04 

44 

0 

•r-l 

>1 

•H 

44 

•H 

0 

1 — 1 

-P 

0 

P 

r- 

h 

• 

0 

44 

•H 

in 

O 

1 — 1 

0 

■H 

g 

Pd 

0 

44 

0 

O 

0 

4-> 

0 

1 - 1 

• 

— 

CO 

•H 

0 

44 

— 

0 

0 

1 - 1 

44 

44 

1 — 1 

H 

IQ 

0 

i — 1 

0 

Pd 

- - 

00 

— 

03 

1 - 1 

0 

•H 

0 

0 

0 

rH 

0 

do 

0 

0 

0 

0 

Pd 

4-> 

■ — " 

P 

1 

0 

0 

0 

0 

P 

0 

1 — 1 

Pd 

• 

P 

0 

O 

Pd 

P 

0 

P 

0 

1 — 1 

ro 

P 

44 

0 

• 

1 - 1 

Pd 

44 

-p 

•H 

t — 1 

44 

• 

0 

p 

Pd 

0 

s. 

0 

Pd 

o 

do  44 

0) 

0 

P 

0 

■N* 

W 

44 

0 

0 

P 

1 — 1 

Pd 

0 

44 

44 

CN 

0 

Pd 

44 

■ — " 

Pd 

0 

0 

Pd 

0 

H 

MD 

0 

0 

0 

g 

g 

0 

>144 

Pd 

0 

0 

g 

0 

44 

g 

Pd 

' — 

0 

g 

0 

•H 

•H 

Pd 

Pd 

0 

4-) 

o 

. 

•H 

• 

(D 

0 

V. 

•H 

• 

44 

, _ . 

H 

•H 

44 

g 

4-> 

-p 

4-) 

0 

i — 1 

0 

, — , 

44 

P 

1 - 1 

-P 

p 

0 

P 

Oh 

— - 

44 

0 

0 

0 

i — 1 

H 

0 

dO  dO 

Oh 

0 

0 

ro 

pd 

H 

O'- 

0 

do  rP 

Pd 

i — 1 

i — 1 

i — 1 

0 

Pd 

Pd 

Pd 

• 

0 

Pd 

H 

Pd 

• 

P 

0 

1 — 1 

00 

0 

i — l 

p 

Pd 

>1+> 

do 

— ' 

— 

0 

44 

44 

0 

1 - 1 

1 — 1 

O 

44 

do  44 

1 — 1 

0 

0 

• 

• 

•H 

>i 

o 

4-4 

Pi 

0 

Pd 

•r4 

0 

0 

03 

- " 

— " 

•H 

0 

Pd 

0 

^ — ■ 

Pd 

•H 

1 — 1 

r — 1 

■ — 

-P 

Pd 

4H 

H 

0 

-p 

i — 1 

0 

44 

•H 

i — 1 

44 

44 

44 

44 

0 

O 

0 

4-> 

p 

1 - 1 

0 

0 

0 

0 

1 — 1 

03 

0 

P 

p 

0 

1 — 1 

0 

H 

p 

0 

0 

0 

0 

p 

0 

0 

0 

• 

Q< 

do  g 

•P 

0 

0 

>1 

44 

0 

0 

0 

do 

do 

0 

0 

0 

0 

0 

4J 

g 

0 

0 

-P 

0 

44 

44 

Pd 

P 

0 

Pd 

Pd 

44 

Pd 

P 

Pd 

Pd 

1 — 1 

44 

Pd 

Pd 

44 

0 

0 

•H 

•H 

to 

0 

i — 1 

o 

0 

0 

+4 

0 

0 

44 

44 

0 

44 

0 

44 

44 

0 

44 

44 

0 

Pd 

4-> 

4-> 

g 

•H 

pq 

0 

Pd 

Pd 

0 

4-4 

0 

0 

0 

Pd 

0 

<4H 

0 

0 

Pd 

0 

0 

£ 

in 

r" 


o  w 
oo  a) 
-P 

0  0 

O  tn  0 
in  0  -H 
r-  +J  g 

I  i — i 

m  o  o 

CN  >  iH 

•  P 

■ — i  o 
0  -P 
U  4h 
^  id 


0 

£ 

0 

U 

•H 

H 

•H 

W 

oP 
O 
i — I 


I 

0 

-P 

id 

•H 

Q 

0 

0 


P 

0 

-P 

0 

g 

PC 

CN 


i — I 

o 

o 


Pd 

to 

0 

g 

o 

00 

I 

o 

<p> 

% 

[5 


0 
0 
td  -P 
0  P 
P  0 
tr>  Pm 


in 


o 

in 

CN 


•h  & 

do<q 
X  IS 
0 

Pd  -p 

p 

H  O 
>1  Or 
Pd  o 

■p  -p 
0  0 
I  *H 
CN  Q 

I  — 

•H  P  rd 

Q  0  0 
0 
g 


0\0 
O 
i — I 


0 
-P 

0  O 
O  00 
^  0  I 

P3  o 
A°'  0  in 

CN  0 


in 


in 

[•" 


o 

in 

CN 


m 

o 

4-1  o\° 
i — I  O 
0  i — I 

Pd 

Pd 
-p 
-P  -H 

0  <: 

p 

•h  03 

4N  0 

a: 
o 
0 


CP 

p 

0' 

o 

o 

b 


0 

Pd 

-p 


p 

0 

-p 

0 

g 


Pd 

o 

•H 

pc  pd 


<S D 


0 

h  pd 
>1-p 
Pd 

+J  03 
0  0 
g  0 

•H 

03  15 
sl 

i — I  15  o\° 

o  m 

O  44  CN 

do  P 

H  OPd  0 
td  Oi-p  4-> 
O  -H  *H 
0  44  £  ‘ 

0  0 

a  0  -h  p 

H  Q 
do 

Pd  0 

-p  o 
0 
0 
p 
-p 

0 

+J 


0 

Pd 


p 

0 

Pd 

+> 

0 


0 

u 

0 

O 

x 


03 
0 

0  o 
U  o 

0  CO 
Cfl  H 


in 


o 

in 

co 

i — i 


0 

tn 

0 

-P 

r— I 

O 

> 


N' 


i — I 

O 

u 


o 

CO 

I 

o 

m 

»\ 

EH 

I 

Pd 

0 

Pa 

0 

P 

0 

Pa 


P 

0 

•P 

0  Pd 

g  w 
0 

CN  £ 


acetaldehyde  (.46),  ethanol 


* 


' 


■ 


■ 


. 


* 


' 


. 


\ 


58 


0 

rp  *H 
0  2  0 
-P  O  0 
0  -H  ,2 
P  4->  -P 
0  £  2 
Pn  0  0 
CD  -P  P 
000 
p  a 

CO 

■d  (D  d 
2  ►>  “H 
2  -H 
O  -P  CO 
Pr  0  0 

6  1—1  g 
O  0  -H 
U  &  -P 


CO 

•H 


p 

o 

-p  • 
o  p.,^ 
CD  g  U 
•m  CD  o 
2  -P  ~ 
H 


CO 


rH  *H 

0  • 

0  -P 

•p  a- 

G  0 

o  g  u 

0  N 

0  0  0 

■H 

•P  -P 

P  2 

0 

O  0 

a 

4H  H 

1 — 1 

m 

• 

O 

1 

r- 

0 

0 

1 

2 

1 

2 

• 

LO 

2 

• 

i 

o 

-P 

0 

o 

i — 1 

o 

0 

X— s 

0 

1 

0 

0 

r2 

u 

cn 

— 

• 

1 — l 

LO 

i — 1 

0 

0 

U 

-P 

rH 

o 

m 

nd 

l — 1 

£>1 

i 

f" 

0 

Ph 

0 

0 

0 

• 

I — 1 

2 

.2 

CM 

• 

P 

O 

• 

rH 

0 

0 

-P 

V. 

i — 1 

CM 

• 

P 

i — 1 

i — i 

— 

r2 

0 

0 

1 - 1 

— 

CO 

1 - 1 

O 

>1 

— " 

0 

i — 1 

2 

• 

0 

O 

cp 

• 

CO 

CO 

Pa 

i — 1 

u 

0 

0 

V. 

CN 

i — 1 

g 

2 

2 

CP) 

0 

U 

0 

1 — 1 

,2 

r2 

' — 

0 

•H 

0 

0 

•H 

• 

• 

P 

CD 

,2 

fd 

0 

•p 

CM 

1 — 1 

•H 

-P 

,2 

g 

g 

o 

o 

Or  ,2 

0 

o 

0 

i — 1 

CN 

rH 

nd 

-P 

•H 

— ' 

— 

0 

-p 

o 

1 — 1 

1 — 1 

g 

• 

• 

0 

0 

2  0  -P  r-  0  0  >H  >,  0  CM  CN  -H  2 

O  H  0  -P  0  -P  —  nd  fd 

•h  o  d  p  o  d  nd  2  h  x  cd-p 

-P  -P  O  O  2  >i 

2  -H  (d  G  ^  Id  >1  +>  G  id  O  id  ,Q 

0  0  -P  0  ,2  0  O  O,  •  2  -P  -P  O  Pi  I 

-p  >  2  ,2  -P  nd  •HOUXJCDCD^OfO 
CD  *H  CD  -P  CD  ' — I  i — I  O  P  0  I  *H  U  r— I  p  *- 

Ph  -P  -P  CD  g  rd  —  Q-,  co  2  nd  fd  tnCucN 


o 

0) 


o 

LO 
I — I 


nd 

0 

CO 

2 


CO 

2 


I — I 

o 

u 


U 


£ 


0 

g 

2 

0 

rH 

0  g 

pH 

rH  \ 

1 

CP  rH 

P 

g_ 

0 

-p 

2 

o 

•H  0 

0 

rH  -P 

■p 

0  0 

0 

pa  p 

a 

I 

P 

0  0 
Ph  P 

g  2 

0  -P 

Eh  2 


I 

-P 


2 


PH  0 

0  -p 

P  u 

p  £ 

0  2 

0 

2  0 

2 

• 

£ 

0  O 

0  -H 

-P 

2 

•H 

2 

2 

1 — 1 

-p  0 

0  2 

0 

0 

0  0 

•H  0 

O 

CJ 

-P  0 

-P  > 

P 

0  x 

0  -H 

0 

Oi  p  tr>  Ph 

0  0 

£  — 

O  -P 

0  o 

2  0  r-s 

H  CD 

0  P  o 

ip  ^ 

P  CD 

0  £  ^ 

•  0 

cp  0 

rH  -P 

0  1 — 1 

0  0 

Pd  cp 

U  p 

nd 

0 

d  fli 

-P  r- 

PH 

g  -2 

2 

1 

0  2 

1 

0  P  nd  P 

P  2 

p 

■P  0 

2  0 

tn-H 

0  0 

0  cp 

0  Ph  O  g  * 

U  Ph  0 

2 

g 

P  \  U 

o  g  £ 

0  u 

0  0 

PhO  o 

O  0 

U  o 

0  -P 

o  O 

CD  -P  0 

in 

-P 

0  CD  CD 

i — 1  H 

-p  CO 

2  2 

Pi — 1  i — 1 

l  0  2 

Ph 

2  0 

2 

in  X  -P 

0  -P 

■H  r2 

-P  -P  0 

0  g  0  ^  0 

g  -2 

0  0  -P 

1 

>1 

i — 1  O 

0  oo 

pH  1 

o 
-  ^ 


P 

0  " 

-P  rH 

0  i  x 
g  ^  0 
0  0 
cm  a.  g 


nd 


cont ' 


1 


. 


. 


' 


- 


Columns  used  for  analysis  cont'd 


59 


i 


• 

0 

1 

0 

o 

p 

0 

rH 

> 

0 

0 

P 

o 

rH 

■H 

p 

0 

a, 

0 

•H 

l — 1 

0 

-p 

o 

o 

O-i  Td 

O 

•H 

0 

•H 

o 

p 

o 

0 

•H 

03 

rH 

•P 

LO 

Pa 

p 

p 

0d 

0 

0 

P 

1 

a. 

0 

0 

P 

P 

0 

1 - 1 

CN 

\ 

-P 

P 

0 

■P 

0 

co 

P 

0 

-P 

0 

0 

p 

1 - 1 

K, 

0 

-P 

P 

g 

Ph 

0 

rH 

l 

P 

0 

•H 

.P 

CO 

rQ 

1 

-p 

• 

■P 

V. 

1 

rH 

0 

1 - 1 

CN 

CO 

1 - 1 

p 

0 

- - 

CO 

*. 

o 

P 

P 

• 

03 

rH 

V. 

•H 

0 

0 

1 - 1 

LO 

P 

■p 

0 

m 

0 

— 

0 

o 

p 

■p 

p 

in 

o 

0 

0 

0 

0 

i — l 

i — 1 

o\ 

• 

• 

-p 

g 

0 

0 

o 

• 

rO 

o 

0 

0 

•H 

-P 

•H 

•H 

CO 

i — 1 

CN 

CP 

■p 

+> 

0 

r0 

03 

N — 

— 

0  •  0 

>  0  0 

•H  flj  ’H  0 

-P  O  g  XI  ^ 

fd  -H  P  0  -P  ^ 

i — i  .p  co  0  03  (D  r''- 
(DP  P  >ig  • 

M  (DHPp 

-P  O  0  0  >i 

0  0  0  03  X  H 

g  ^  fd  i  i  i  i  o  td-— 

•h  p  -Po 

-P  'ppp-p  (D  • 

rH  0  -P  0  0  O  rH 

p  O  0  0  -H  P  ' 

O  0  P  0  03 

-H  0  O  •  rH 

P  p  P  O  *-  •>  **  O 

P  -P  0  — P 

0000(Nr^LO0 
4->  £  CN  LO  ,0 

0  o  -H  to  •  •  •  -P 

PP  -P  -P  CN  — '  '  0 


03 


o 

co 

i — l 


o 

O^i 


o 

o 

CN 


LO 

LO 

rH 


£  —  £  — 
O  o  O  o 

rH  ^  rH  ^ 
4H  —  4-1 


•  0  •  0 

P  P  H  P 
0  0  0  0 
Pd  P  O  P 


£ 


i — I 

0 

u  S 

o  0 
in  0 
co  4-> 

i — 1  0 

w 

H 


CN 


I 

>i 

i — I 

0  O 

CP  CO 

I 

-  o 


p 

0 

-p 

0 

g 

CN 


0 

^  0 
CN 
I 

0 
0 
Pa 


0 

g 


O  o  O  o 
I — I  LO  i — I  LO 
P'-'P^ 


.0*0 

P  P  H  P 
0  0  0  0 
CP  P  U  P 


I — I 
0 


0 


o  0 

O  0 
CT,  H 


•P 

0 

P  0 

•h  P  o\°  >i  m  p  u  £  0 

m0LO00i  000 

£  cn  I  p  o  0  00  g 

0  CN  0  CO  0  P  0 

rl  0  p  I  O'—  +J  0  0  P 

+JP4->0O  PUP 

0  -H  -H  P  CQ  03  0  U 
-  -P  £  P  P-i  O  PPo\» 
p  0  Eh  0  0  O  P 

0  gd  >i  -P  g  1-1  o 

-P  00X0^ 

0  LO  0  *■  0  g  P  0  P  o 

gh  o  0  P  O  0  CN  P  O 

•  •  0  *•  -P  P  0  *  *H  O  • 

CO  ^  CN  CPrH  0  tP  g  >H  ^  ^  ^ 


I 

o  +)d  p 
p  p  ^  x  0  x  p 
0  o  o  0  0  0  o 


cont 1 


' 


. 


. 


' 


VCP  Columns  used  for  analysis 


60 


rH 

CD  CN 


>  •  «  I 


•H 

£ 

£ 

— ' 

1 — 1 

p 

0 

-H 

fd 

1 — 1 

cd 

•H 

g 

CD 

P 

O 

I — 1 

p 

P 

CD 

£ 

0) 

£ 

r4- 

>iO 

fd 

p 

(D 

p; 

fd 

p! 

P 

l — I 

CD 

P 

0) 

CD 

0 

p 

<D 

g 

£ 

rH  00 

•H 

fd 

fd  in 

p 

• 

P! 

g 

t 

CO 

rH 

P 

p 

s — 

LD 

£ 

0 

CD 

0 

• 

0 

£ 

i — 1 

> - - 

-H 

fd 

P 

• 

o 

-P 

P3 

o 

o 

£ 

CD 

£ 

p 

CD 

fd 

P 

CD 

0) 

CD 

CO 

P 

>i 

P 

g 

p 

p: 

0 

0 

•H 

o 

CD 

o 

C4 

p 

P 

g 

p 

O 

LO 


O 

iH 

CN 


o 

o 

0 

o 

i — i 

in 

rH 

uo 

p 

■ — ' 

p 

— 

• 

0 

• 

0 

p 

P 

rH 

P 

o 

0 

0 

0 

C4 

P 

u 

P 

rH 

0 

g 

U  P 
o  a) 


CO 

LD  P 
rH  O 
CO 
H 


EH 

I 

0 

a, 

fd 

p 

o  & 

Cd  w 

0 

-  B 

u 

a)  o 
p  o 
0  ' — i 
g  i 

•  o 

CN  CO 


(1)  diethyl  ether  (1.16) 
isopropyl  alcohol  (1.94) 


I 


■ 


* 

. 


. 


> 


' 


. 


61 


4.  Calibration  factors  for  chromatographic  columns. 

a.  Gaseous  Products:  The  gas  to  be  calibrated  was 

measured  in  the  Toepler-McLeod  apparatus.  This 
was  then  transferred  directly  to  the  gas  chromato¬ 
graphic  column  through  the  gas  sampler  (Fig.  9) . 

The  number  of  moles  of  the  gas  was  calculated  using 
the  ideal  gas  law  equation.  The  area  of  the  peak 
was  measured  using  the  planimeter.  The  number  of 
moles  of  the  gas  was  varied  and  the  areas  of  the 
peaks  were  measured.  A  graph  of  the  number  of  moles 
of  the  gas  vs  peak  area  was  plotted.  The  calibration 

factor  was  determined  from  the  slope 

area 

of  the  graph.  This  procedure  was  repeated  for  each 
gas.  The  calibration  factors  were  checked  before 
each  series  of  samples  was  analyzed.  Typical 
calibration  factors  are  presented  in  Table  II-l 
and  are  plotted  in  Figs.  II-l  and  II-2. 

b.  Liquid  Products:  Calibration  solutions  of  the  pro¬ 

duct  compounds,  with  concentrations  in  the  range 
found  in  the  irradiated  solutions , were  prepared. 
These  solutions  were  prepared  in  diethyl  ether  for 
quantitative  analysis  of  irradiated  diethyl  ether 
samples  and  in  ethanol  for  quantitative  analysis 

of  irradiated  ethanol  samples.  A  known  amount  of 
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TABLE  II-l 

Typical  Calibration  Factors  for  Gaseous  Products 
Detector  -  Thermal  Conductivity 


Compound  G.C.  Column 

Calibrated 


Calibration  factor: 
No.  of  moles 
area 


Methane 


Molecular  Sieve 


Carbon  monoxide  Molecular  Sieve 


Ethylene 


Silica  gel 


Propane 


Silica  gel 


Ethane 


Silica  gel 


n-Butane 


Silica  gel 


11.42  x 

10.12  x 

9.23  x 

7.43  x 

8.11  x 

5.26  x 


10 


-10 


10 


-10 


10 


-10 


10 
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10 
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Representative  Gas  Chromatographic  Calibrations 

A.  Column  =  Molecular  Sieve 
Compound  =  Methane 


Column  = 

Silica  gel 

Compound  = 

Ethylene 
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No.  of  moles  xIO 

Figure  II-2 

Representative  Gas  Chromatographic  Calibrations 

A.  Column  =  Molecular  sieve 
Compound  =  Carbon  monoxide 


B.  Column  =  Silica  gel 
Compound  =  Propane 
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the  solution  was  then  injected  on  the  column  in  the 
gas  chromatograph.  The  area  of  each  peak  was  measured 
with  a  planimeter.  The  weight  percent  of  each  com¬ 
pound  in  the  calibration  solution  was  calculated  and 
the  area  percent  of  the  peak  corresponding  to  each 
compound  was  also  determined.  A  graph  of  weight 
percent  vs  area  percent  for  each  compound  was  plotted. 
From  the  area  percent  in  the  irradiated  sample  the 
weight  percent  of  the  product  was  read  off  the  graph. 
The  G  value  was  determined  using  the  following  formula. 

G (Product)  = 

wt.%  x  wt  of  sample (g)  x  6.023  x  10  (molecules)  x  100  (ev) 

 mole 

100  x  (Mol . wt )  ,  (g/mole)  x  Total  dose  (ev) 

Product 

Calibration  factors  were  determined  each  time  before 
starting  a  series  of  samples .  Typical  calibration 
factors  are  presented  in  Table  II-2  and  II— 3  and  are 
plotted  in  Figs.  II-3,  II-4,  II-5,  and  II-6. 


'■ 


v 

'  . 


■  f'r. 


. 


-  -y  i 


■ 


66 


TABLE  1 1- 2 


Typical  Calibration  Factors  for  Liquid  Products 
(a)  Detector  -  Thermal  Conduct j vity 


Compound 

Calibrated 


Acetaldehyde 


G.C.  Column  ' 


Di-2  ethyl  hexyl 
sabacate 


Calibration  factor 
No.  of  moles 

Area 


7.69  x  10 


-10 


(b) 

Compound  Calibration  factor 

Calibrated  G.C.  Column  weight  percent 

'  aroa  nprr.pnf _ _ 

j- 


Ethyl  isopropyl 
ether 

Silicone  grease 

2.25 

sec-butyl  ethyl 
ether 

Silicone  grease 

1.09 

Diethoxy  methane 

Silicone  grease 

1.11 

Acetal 

Silicone  grease 

1.23 

2,3  Diethoxy 
butane 

Silicone  grease 

1.66 

Ethyl  isopropyl 
ether 

Di-2  ethyl  hexyl 
sabacate 

1.50 

Ethanol 

Di-2  ethyl  hexyl 
sabacate 

1.10 

Ethyl  isopropyl 
ether 

20'  column,  first 
packed  with  tetra 

10' 

ethylene 

1.64 

glycol  dimethyl  ether  and 
last  10'  packed  with  Ucon 
LB  1800  X  on  celite 


Ethyl  vinyl  20'  column,  first  10'  1.31 

ether  packed  with  tetraethylene 

glycol  dimethyl  ether  on 
Diatoport  WAW  and  last  10' 
packed  with  Ucon  LB  1800  X 
on  celite 
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TABLE  II- 3 


Typical  Calibration  Factors  for  Liquid  Products 

Detector  -  Flame  Ionization 


Compound 

Calibrated 

Methanol 

Acetaldehyde 

Diethyl  ether 
plus  isopropyl 
alcohol 

sec-butyl  alcohol 
Diethoxy  methane 
Acetal 

1 . 2- Propanediol 

2 . 3- Butanediol 
Diethyl  ether 

Acetaldehyde 
Diethoxyme thane 
Acetal 


G.  C.  Column 

Polypak-1 
Polyp ak-1 

Polypak-1 
Polypak-1 
Polypak-1 
Polypak-1 
Polypak-2 
Polypak- 2 

1,2,3  Tris-2-cyano- 
ethoxy  propane  and 
carbowax  4000 
(Column  X) 

Column  X 

Column  X 

Column  X 


Calibration  Factor 
Weight  %/Area  % 

1.02 

1.40 

0.93 

0.74 

1.04 

1.15 

1.48 

2.08 

0.57 

1.21 

0.81 

0.76 
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Weight  %  XI 0 

Figure  III-3 

Representative  Gas  Chromatographic  Calibrations 


Column 

=  Silicone  grease 

Compound 

=  2 , 3-Diethoxybutane 

Column 

=  Tetraethylene  glycol 

dimethyl  ether  +  Ucon  LB  1800X 

Compound 

=  Ethyl  isopropyl  ether 
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Figure  II-4 

Representative  Gas  Chromatographic  Calibrations 


A. 


Column  = 
Compound  = 


Di-2-ethyl  hexyl  sebacate 
Acetaldehyde 
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Figure  II-5 

Representative  Gas  Chromatographic  Calibrations 

A.  Column  =  1 , 2 , 3 ,Tris-2-cyanoethoxy 

propane 

Compound  =  Acetaldehyde 


B. 


Column 

Compound 


Polypak- 1 
Methanol 
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Figure  II-6 

Representative  Gas  Chromatographic  Calibrations 


A. 


B. 


Column 

=  Polypak-2 

Compound 

=  2 , 3-butanediol 

Column 

=  1 , 2 , 3 ,Tris-2~cyanoethoxy 

propane  +  carbowax  4000 

Compound 

=  Acetal 
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RESULTS 

Part  1.  Vapor  Phase  Radiolysis  of  Diethyl  ether 
A.  Effect  of  temperature  at  constant  ether  density 

(1.16  g/1) 

Samples  of  liquid  diethyl  ether  were  vaporized  into 
500  ml  bulbs.  The  temperature  at  which  diethyl  ether 
vapor  was  irradiated  was  varied  over  the  range  from  33°  to 
220°.  The  concentration  of  diethyl  ether  was  kept  con¬ 
stant  in  all  the  samples.  All  samples  were  irradiated  for 

20 

the  same  length  of  time,  giving  them  a  dose  of  1.6  x  10 
eV/g.  The  amount  of  ether  in  the  bulb  corresponded  to  a 
pressure  of  404  torr  at  140°. 

The  G  values  of  the  products  at  33°  are  presented  in 
Table  III-l  together  with  the  results  of  an  earlier  study 
(79) .  The  agreement  between  the  two  sets  of  results  is 
quite  good. 

The  variation  of  the  G  values  of  products  with  temp¬ 
erature  are  presented  in  Tables  III-2  and  III-3  and  are 
plotted  in  Figures  III-l,  III-2,  III-3  and  III-4. 

The  yields  of  the  products  ethane,  acetaldehyde, 
methane,  carbon  monoxide,  n-butane,  ethylene,  formalde¬ 
hyde  and  ethanol  increase  with  increase  of  temp- 
terature  over  the  range  33°-220°  in  the  following  way: 
ethane  from  0.4  to  202,  acetaldehyde  from  1.4  to  137, 
methane  from  1.6  to  29.9,  carbon  monoxide  from  0 . 5  to 
29.4,  n-butane  from  0.1  to  5.1,  ethylene  from  1.8  to 
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Gas  Phase  Radiolytic  Product  Yields  at  33°C 


Product 

Hydrogen 

2 , 3-Diethoxybutane 
Ethylene 
Acetaldehyde 
Methane 

Ethyl  isopropyl  ether 
Formaldehyde 
Ethyl  sec-butyl  ether 
' Ethanol 
Ethane 

Carbon  monoxide 

Ethyl  vinyl  ether 

Ethyl  methyl  acetal 

Propane 

Acetal 

Acetylene 

n-butane 


Study 

Ref.  (79 

.  85 

6.40 

. 12 

2 . 40 

.79 

2.10 

.40 

1.40 

.55 

1.30 

.08 

1.00 

.64 

0.90 

.78 

0.83 

.63 

0.65 

.40 

0.44 

.47 

0.40 

.37 

0.40 

.34- 

0.22 

.22 

0.14 

.03 

0.09 

.  23 

0.03 

.06 
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1, 
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Products  from  ether  radiolysis  as  a  function  of 
temperature.  Ether  density  =  1.16  g/1. 

0  Ethane 


V  Acetaldehyde 
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Products  from  ether  radiolysis  as  a  function  of 
temperature.  Ether  density  =  1.16  g/1. 

A.  0  Methane 

V  Carbon  monoxide 

B.  0  sec-butyl  ethyl  ether 

□  2 , 3-diethoxybutane 
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n-butane 
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FIGURE  III  -  3 

Products  from  ether  radiolysis  as  a  function  of 
temperature.  Ether  density  =  1.16  g/1 

A.  0  Hydrogen 

V  Ethanol 

B.  0  Ethylene 

V  Ethyl  isopropyl  ether 
O  Formaldehyde 
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Products  from  ether  radiolysis  as  a  function  of 
temperature.  Ether  density  =  1.16  g/1. 


A. 

0 

Ethyl  methyl  acetal 

B. 

0 

Propane 

C. 
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Acetylene 

D. 
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Ethyl  vinyl  ether 
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3. 0;  formaldehyde  from  o.6  to  2.2  and  ethanol  from  0.6 
to  2.7.  The  yields  of  ethyl  methyl  acetal,  propane  and 
acetylene  were  unaffected.  The  yield  of  2,3-diethoxy 
butane  increases,  at  first,  from  2.1  at  33°  to  2.9  at 
80°  and  then  decreases  to  <0.04  as  the  temperature  is 
increased  from  80°  to  220°.  The  yield  of  sec-butyl 
ethyl  ether  also  increases,  at  first,  from  0.8  at  33° 
to  2.7  at  125°  and  then  decreases  to  0.2  as  the  temper¬ 
ature  is  increased  from  125°  to  220°.  The  yield  of 
hydrogen  decreases  from  5.9  to  4.5  with  increase  of 
temperature . 

B.  Effect  of  ether  pressure  at  140°. 

The  effect  of  pressure  on  the  G  values  of  the 
radiolysis  products  from  diethyl  ether  vapor  was  de¬ 
termined  over  the  range  172  to  622  torr  (0.50  -  1.78  g/1) . 
The  pressure  of  ether  was  varied  by  varying  the 
volume  of  liquid  ether  that  was  vaporized  into  the 
irradiation  bulb.  The  pressure  was  calculated  by  using 

the  ideal  gas  law  equation.  The  samples  were  irradiated 

20 

to  a  dose  of  1.6  x  10  eV/g- 

The  G  values  of  products  as  a  function  of  pressure 

are  presented  in  Tables  III-4  and  III-5  and  are  plotted 
in  Figures  III-5  and  III-6.  The  yields  of  ethane,  acet¬ 
aldehyde,  methane,  carbon  monoxide,  ethyl  methyl  acetal, 
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TABLE  III-4 


gf  pressure  on  the  chain  products  in  the  y 


radiolysis  of 

diethyl  ether 

'  at  140 

°C 

: I  . 

Pressure 
( torr ) 

172 

288 

404 

520 

622 

G (ethane) 

n .  d. 

15.17 

17.4 

16.14 

15.36 

G (acetaldehyde) 

14.66 

17.16 

18.19 

15.1 

17.05 

G (methane) 

3.36 

3.13 

3.51 

3.29 

3.47 

G (carbon 
monoxide) 

0.74 

0.77 

0.87 

0.82 

0.83 

G(2,3  diethoxy- 
butane) 

n.d. 

0.18 

0.56 

0.67 

0.78 

G (sec-butyl  ethyl 
ether) 

1.40 

1.94 

2.52 

2.60 

n.  d. 

G (n-butane) 

n.d 

3.06 

2.50 

2.16 

1.80 

. 
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TABLE  III-5 

Effect  of  pressure  on  non-chain  products  in  the  y-radiolysis 


of  diethyl  ether  vapor  at  140 °C 

Pressure 


(torr ) 

172 

288 

404 

520 

622 

G (hydrogen) 

4.61 

4.86 

4.25 

4.27 

4.38 

G (ethylene) 

n .  d. 

2.10 

2.23 

2.08 

1.78 

G  (ethanol) 

1.98 

1.81 

2.26 

2.94 

1.81 

G  (ethyl  isopropyl 
ether) 

<0.02 

<0.02 

<0 .02 

<0.02 

<0.02 

G  (formaldehyde) 

n .  d. 

n.d. 

.67 

n .  d. 

n .  d. 

G  (ethyl  methyl 
acetal) 

0.61 

0.72 

0.72 

0.74 

0.67 

G (propane) 

n.  d, 

0.16 

0.13 

0.11 

0.10 

G (acetylene) 

n.d. 

0.26 

0.24 

0.22 

0.29 

G  (acetal) 

n .  d. 

n.d. 

n .  d# 

0.17 

0.17 

G (ethyl  vinyl 
ether) 

n .  d. 

0.15 

0.15 

0.10 

0.35 

. 
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PRESSURE(torr)x102 

FIGURE  III-5 

Products  from-  ether  radiolysis  as  a  function 
of  pressure.  Temperature  =  140°C. 

A.  0  Ethane 

V  Acetaldehyde 

B.  0  Methane 

V  Carbon  monoxide 

C.  □  n-butane 

0  Sec-butyl  ethyl  ether 

V  2 , 3-diethoxybutane 


v 
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-  84  - 


PRESSURE  (torr)XIO2 

FIGURE  III  -  6 

Products  from  ether  radiolysis  as  a  function 
of  pressure.  Temperature  -  140°C 

A.  0  Propane 


V  Acetylene 

B.  0  Ethyl  vinyl  ether 

V  Ethyl  methyl  acetal 


C.  0  Hydrogen 


V  Ethanol 
□  Ethyl  ene 
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propane ,  acetylene,  ethanol  and  ethylene  are 
unaffected  by  pressure.  The  yields  of  hydrogen  and 

9 

n-butane  decrease  from  4.70  and  3.1  to  4.2  and  1.80 
respectively  with  pressure.  The  yields  of  sec-butyl 
ethyl  ether  and  2 , 3-diethoxybutane  increase  from  1.40 
and  0.2  to  2.60  and  0.8  respectively. 


i 


86 


Part  II  Vapor  Phase  Radiolysis  of  Ethanol . 

A •  Effect  of  temperature  at  constant  density  of  ethanol. 

1 •  Density  of  ethanol  0.66  q/1 

Samples  of  liquid  ethanol  were  vaporized  into  500 

20 

ml  irradiation  cells  and  irradiated  to  a  dose  of  1.3  x  10 
eV/g.  The  temperature  was  varied  over  the  range  60°  to 
375°.  The  amount  of  ethanol  in  the  irradiation  cell 
corresponded  to  a  pressure  of  385  torr  at  150°. 

The  variation  of  the  G  values  of  the  products  with 
temperature  is  presented  in  Tables  III-6  and  III-7  and 
Figures  III-7,  III-8,  III-9  and  III-10.  The  G  value  of 
water  was  only  measured  at  two  temperatures,  350°  and  375°, 
and  is  also  presented  in  Table  III-6. 

Below  260°,  temperature  had  only  a  small  effect  on  the 
yields  of  hydrogen,  acetaldehyde,  methane,  carbon  monoxide, 
ethylene,  formaldehyde,  water  and  methanol.  The  yields  in¬ 
creased  rapidly  as  the  temperature  was  increased  above  260°. 
Over  the  range  260°  to  375°,  the  yields  increased  in  the 
following  way:  hydrogen  from  8.9  to  90.4,  acetaldehyde  from 

7.1  to  119.3,  methane  from  6.3  to  81.6,  carbon  monoxide  from 

1.1  to  29.6, and  ethylene  from  1.9  to  40.9.  Below  260°,  no 
detectable  peak  for  methanol  was  observed.  The  G  values 
of  methanol  and  diethyl  ether  increase  from  3.3  and  1.0  to 
45.0  and  15.9  respectively  as  the  temperature  is  increased 
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FIGURE  III  -  7 

Products  from  ethanol  radiolysis  as  a  function  of 
temperature.  Ethanol  density  =  0.66  g/1. 
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Products  from  ethanol  radiolysis  as  a  function 
of  temperature.  Ethanol  density  =  0.66  g/1. 
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FIGURE  III  -  9 

Products  from  ethanol  radiolysis  as  a  function 
of  temperature. 

Ethanol  density  =  0.66  g/1 
0  Ethane 

A  Diethyl  ether 

□  Formaldehyde  +  Methanol 
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TEMP.  CO 


FIGURE  III  -  10 


Products  from  ethanol  radiolysis  as  a  function 
of  temperature.  Ethanol  density  =  0.66  g/1. 

A  O  2 , 3-butanediol 


□  1,2-propanediol 
A  sec.  butyl  alcohol 


B  0  diethoxv  methane 

C  O  acetal 
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over  the  range  290°  to  375°.  Temperature  has  a  small 
effect  on  the  yields  of  other  products. 

2*  Density  of  ethanol  0.16  g/1:  Samples  of  liquid 
ethanol  were  vaporized  into  500  ml  irradiation  cells  and 
irradiated  to  a  dose  of  1.3  x  10  eV/g.  The  temperature 
was  varied  over  the  range  60°  to  230°.  The  amount  of 
ethanol  in  the  irradiation  cell  corresponded  to  a  pressure 
of  93  torr  at  150°. 

Only  the  G  values  of  the  gaseous  products  were 
measured.  The  product  yields  as  a  function  of  temperature 
are  presented  in  Table  III-8  and  Figure  III-ll.  The  G 
value  of  hydrogen  is  unaffected  by  change  of  temperature. 
Other  gaseous  product  yields  increase  with  temperature 
slightly,  as  follows:  methane  from  1.2  to  4.5,  carbon 
monoxide  from  0.2  to  0.6,  ethane  from  0.2  to  1.0  and 
ethylene  from  1.3  to  2.0. 

B .  Detailed  study  at  150° 

1 .  Radiolysis  of  pure  ethanol 

a.  Effect  of  dose.  Ethanol  density  1.50  g/1. 

Samples  of  ethanol  were  irradiated  at  a  temperature 
of  150°.  The  pressure  of  ethanol  in  the  irradiation  cell 
was  865  torr.  The  dose  was  varied  over  the  range 
1.0  x  10 19  eV/g  to  5.5  x  10 20  eV/g . 

The  variation  of  the  product  yields  with  dose  are 
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TABLE  II I- 8 


Yields  of  products  from  ethanol  radiolysis  as  a  function 

of  temperature 


Density  of  ethanol  =  0.16  g/1 


Temp,  (°C) 

Product 

60 

80 

110 

150 

G 

170 

200 

230 

/ 

H2 

9.60 

10.00 

10.00 

9.16 

9.35 

9.77 

10.10 

ch4 

1.15 

1.64 

2.25 

2.86 

3.48 

3.70 

4.49 

CO 

0.23 

0.27 

0.30 

— 

0.37 

0.32 

0.57 

C2H6 

0.23 

0.23 

0.23 

0.35 

0.57 

0.67 

1.00 

C2H4 

1.25 

1.  39 

1.54 

1.67 

1.55 

1.76 

2.20 

n~C4Hio  -  -  -  0.01  -  -  0.01 
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Figure  III  -  11 


Products  from  ethanol  radiolysis  as  a  functi 
of  temperature.  Ethanol  density  -  0.16  g/1. 

A  0  Hydrogen 

B  0  Methane 

□  Ethyl  ene 

V  Carbon  monoxide 

C  0  Ethane 
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presented  in  Table  HI-9  and  Figures  III-12  and  III-13. 
The  G  values  of  butane  and  propane  in  Table  III-9  may 
be  low  by  a  factor  of  2  or  3,  because  these  compounds 
could  not  be  completely  separated  from  the  liquid  during 
the  -112°  distillation.  The  yields  are  negligible 
(<0.1)  in  any  case.  The  G  values  'of  ethane,  ethylene, 
diethyl  ether,  1,2-propanediol,  2 , 3-butanediol ,  propane, 
acetylene  and  n-butane  were  unaffected  by  change  of  dose. 
The  large  amount  of  scatter  in  the  glycol  results  is  due 
to  the  difficulties  in  the  analysis.  The  G  values  of 
methane  and  carbon  monoxide  increase  from  3.3  and  0.7  to 
3.6  and  1.1  respectively.  The  yields  of  hydrogen  and 
acetaldehyde  decrease  in  the  following  way:  hydrogen 
from  9.7  to  7.2,  and  acetaldehyde  from  3.5  to  2.5* 

b .  Effect  of  ethanol  pressure. 

The  dependence  of  product  yields  on  pressure  was 
studied  by  varying  the  pressure  of  ethanol  in  the  irrad¬ 
iation  cells  over  the  range  45  to  1700  torr  (0.078  - 
2.96  g/1) .  The  pressure  was  varied  by  varying  the  amount 

of  ethanol  that  was  vaporized  in  the  irradiation  cells. 

19 

The  samples  were  irradiated  to  a  dose  of  8  x  10  eV/g. 

The  variation  of  the  G  values  of  the  products  with 
pressure  are  presented  in  Table  III-10  and  Figures  III- 
14  and  III-15.  The  G  values  of  methane,  ethane,  carbon 
monoxide,  n-butane,  1,2-propanediol  and  2 , 3-butanediol 
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Figure  III  -  12 

Products'  from  ethanol  radiolysis  as  a  function 
of  dose.  Ethanol  density  =  1.50  g/1 
Temperature  =  150°C. 

A  0  Hydrogen 

B  G  Methane 

A  Carbon  monoxide 

C  O  Ethylene 

A  Ethane 
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FIGURE  III-13 


Products  from  ethanol  radiolysis  as  a  function 
of  dose.  Ethanol  density  =  1.50  g/1. 
Temerature  -  150°C. 

A  Acetaldehyde 
B  Diethyl  ether 
C  1,2-Propanediol 
D  2 , 3-Butanediol . 
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FIGURE  III  -  14 


Products  from  ethanol  radiolysis  as  a  function  of 
pressure.  Temperature  -  150 °C. 


A  O  Hydrogen 

B  0  Methane 


0  Ethane 

A  Ethylene 
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Products  from  ethanol  radiolysis  as  a  function 
of  pressure.  Temperature  =.  150°C. 


A  0 

A 

B  A 

O 


Carbon  monoxide 
Acetaldehyde 
2 , 3-Butanediol 
1 , 2-Propanediol 
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were  unaffected  by  change  of  pressure.  The  yields  of 

« 

hydrogen,  ethylene,  and  acetaldehyde  decrease  with  pressure 
in  the  following  manner:  hydrogen  from  10.2  to  7.0, 
ethylene  from  2.0  to  1.0  and  acetaldehyde  from  5.9  to 

2.7. 

2.  The  effect  of  inhibitors. 

The  product  yields  from  radiolysis  of  ethanol- 
inhibitor  mixtures  are  reported  as  g  values .  The  g 
value  is  defined  as 


g  (Product) 


G (Product)  ,  ,-G  (Product)  xe 

observed  scavenger  scavenger 


'C0H  OH 

A  D 


where  escavenger  an<^  £C2H^0H  are  the  electron  fractions 
of  the  scavenger  and  ethanol  respectively. 


a.  Ethanol-propylene  mixtures.  Ethanol  density  1.50  g/1 
Samples  containing  1.50  g/1  of  ethanol  plus  0  to  41 

mole  percent  of  propylene  were  irradiated  to  a  dose  of 

1  9 

8  x  10  ev/g.  The  pressure  of  ethanol  in  the  irradiation 
cell  was  865  torr. 

The  gaseous  products  measured  at  all  propylene  con¬ 
centrations  were  hydrogen,  methane  and  carbon  monoxide. 
Ethane  and  ethylene  could  not  be  measured  when  greater  than 
1.3  mole  percent  propylene  was  present  in  the  samples  . 
because  of  the  interference  of  the  latter  compound. 

At  higher  propylene  concentrations  (greater  than 
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5  mole  percent) ,  a  very  complex  mixture  of  liquid  pro¬ 
ducts  was  obtained.  No  attempt  was  made  to  identify 
these  products.  At  greater  than  15  mole  percent  pro¬ 
pylene  in  ethanol  samples,  such  a  complex  mixture  of 
liquid  products  was  obtained  that  even  acetaldehyde  could 
not  be  separated  from  other  products.  Furthermore,  on 
the  Polypak-2  column,  C^.  alcohols  and  1,2-propanediol 
have  the  same  retention  time,  so  g ( 1 , 2-propanediol)  is 
not  reported  in  Table  III-ll. 

The  g  values  of  various  gaseous  and  liquid  products 
as  a  function  of  propylene  concentration  are  presented 
in  Table  III-ll  and  Figure  III-16.  The  g  values  of 
hydrogen  and  methane  were  corrected  for  hydrogen  and 

methane  produced  from  the  propylene,  using  G(H2)C  H  =1.27 

3  6 

and  G (CH . )  „  =0.23,  which  were  obtained  under  the  follow- 

4 

3  6 

ing  conditions:  temperature  150°,  pressure  1227  torr. 

Propylene  decreases  the  product  yields  as  follows: 
hydrogen  from  8.2  to  1.5,  methane  from  3.0  to  1.2, 

2, 3-butanediol  from  2.7  to  0.0, and  (acetaldehyde  +  acetal) 
from  3.0  to  1.8.  The  yield  of  carbon  monoxide  remains 
unchanged.  The  yields  of  ethane,  ethylene  and  ether  were 
unaffected  within  0.1  units  or  less,  by  the  presence  of 
1.3  mole  percent  of  propylene. 

b.  Ethanol-propylene  mixtures.  Ethanol  density  0.16  g/1 
Samples  of  ethanol  with  varying  amounts  of  propylene, 
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Product  yields  from  ethanol-propylene  mixtures 
Temperature  =  150°C.  Density  of  ethanol  -  1.50  g/1 

A  O  Hydrogen 

B  0  Methane 

A  2 , 3-butanediol 

C  0  Acetaldehyde  +  Acetal. 

A  Carbon  monoxide. 
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over  the  range  0  to  39  mole  percent,  were  irradiated  to 

19 

a  dose  of  8  x  10  '  ev/ <3  •  The  concentration  of  ethanol 

was  0.16  g/1  in  all  the  samples,  which  corresponded  to 

a  pressure  of  93  torr  at  150°. 

The  g  values  of  hydrogen,  methane,  carbon  monoxide 

and  acetaldehyde  are  presented  in  Table  III-12  and 

Figure  III-17..  The  values  of  g(H2)  and  g(CH4)  were 

corrected  for  hydrogen  and  methane  produced  from  the 

propylene,  using  G (H  )  =1.72,  G(CH.)_  „  =0.27,  which 

3  6  3  6 

were  obtained  under  the  following  conditions:  temperature 
150°,  pressure  130  torr. 

Propylene  decreases  the  product  yields  as  follows: 
hydrogen  from  9.7  to  2.4,  methane  from  3.0  to  1.5,  and 
acetaldehyde  from  4.7  to  2.5.  The  yield  of  carbon  mon¬ 
oxide  remains  unchanged. 

c.  Ethanol-ammonia  mixtures.  Ethanol  density  1.50  g/1 

Binary  mixtures  of  ethanol  and  ammonia  were  irrad- 

19 

iated  to  a  dose  of  8  x  10  ev/g*  The  pressure  of 
ethanol  in  each  sample  was  865  torr.  The  concentration 
of  ammonia  was  varied  over  the  range  0  to  7  mole  percent. 

The  g  values  of  various  products  as  a  function  of 
ammonia  concentration  are  presented  in  Table  III-13  and 
Figure  III-18.  Acetaldehyde  reacts  with  ammonia  (93), 
so  the  yield  of  this  product  could  not  be  determined. 

The  value  of  was  corrected  for  hydrogen  produced 
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TABLE  III-12 

Product  yields  from  vapor  phase  radiolysis  of  C^H^OH-C^Hg 
mixtures  at  150°C.  Ethanol  density  =  0.16  g/1 


<3 


Mole  % 

H2 

ch4 

CO 

ch3cho 

0  .  o 

9.7 

3.0 

0.67 

4.70 

1.29 

5.80 

2.69 

0.71 

3.68 

3.54 

4.20 

2.53 

0.71 

3.34 

7.32 

3.49 

2.48 

0.73 

2.63 

16.44 

2.75 

1.  83 

0.74 

2.19 

24.51 

2.73 

1.50 

0.73 

2.69 

38.59 

2.39 

1.30 

0.71 

2.69 

. 


**• 

109 


Product  yields  from  the  radiolysis  of  ethanol  - 
propylene  mixtures.  Temperature  =  150°C. 
Ethanol  density  =  0.16  g/1 


A 

B 


C 


0  Hydrogen 

A  Acetaldehyde 

0  Methane 

0  Carbon  monoxide 
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TABLE  III-13 


Product  yields  -from  vapor  phase  radio lv 

sis  of  C~ 

,Hc0H-NHo 

Mole  % 

NH3 

Product 

mixtui 

Ethanol  de 

0 

•es  at  150 °C 

!nsity  =  1.50  g/1 

0.10  1.36 

- —/! 

2.06 

—5 - 3 

7.10 

rr 

/ 

2  r  '  -  '  -  - 

- - - - - — - — - 1 

Hydrogen 

8.16 

8.03 

8.12 

8.28 

8.31 

Methane 

3.00 

2.90 

2.72 

2.69 

2.85 

Carbon 

monoxide 

0.67 

0.63 

0.68 

0.64 

0.62 

Ethane 

0.28 

0.11 

0.12 

0.12 

0.12 

Ethylene 

1.05 

0.83 

1.00 

1.01 

0.97 

Diethyl 

ether 

0.17 

0.17 

0.18 

0.19 

0.18 

2 , 3-butane- 

diol 

2.70 

1.70 

1.79 

2.13 

1.97 

PI 


. 
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Product  yields  from  the  radiolysis  of  ethanol- 
ammonia  mixtures.  Temperature  =  150 °C. 

Ethanol  density  =  1.50  g/1 


A 

B 

C 

D 

E 


0  Hydrogen 

0  Methane 

O  Carbon  monoxide 

A  Ethane 

0  Ethylene 

0  2 , 3-butanediol 

Diethyl  ether 


F 


0 
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from  the  ammonia,  using  G(H2)NR  =  10.0  (94),  which  was 

obtained  under  the  following  conditions:  temperature 

21 

150°,  570  torr,  dose  rate  =  8.4  x  10  eV/ghr. 

The  g  values  of  hydrogen,  methane,  carbon  monoxide, 
ethane,  ethylene,  2 , 3— butanediol  and  ether  were  unaffected 
by  the  presence  of  ammonia. 

d.  Ethanol-sulphur  hexafluoride  mixtures.  Ethanol 
density  1.50  g/1.  

Binary  mixtures  of  ethanol  and  sulphur  hexafluoride 
were  irradiated  to  a  dose  of  8  x  lO3'9  eV/g.  The  ethanol 
pressure  was  865  torr  in  all  the  samples.  The  concent¬ 
ration  of  sulphur  hexafluoride  was  varied  over  the  range 
0  to  6  mole  percent. 

The  g  values  of  various  products  as  a  function  of 
sulphur  hexafluoride  concentration  are  presented  in  Table 
III-14a  and  Figures  III-19  and  III-20.  The  yield  of 
ethane  is  not  reported  in  Table  III-14a,  as  it  could  not. 
be  separated  from  sulphur  hexafluoride  on  2%  Apiezon-L  on 

silica  gel  column. 

At  an  ethanol  density  of  1.50  g/1/  sulphur  hexa¬ 
fluoride  changes  the  product  yields  as  follows:  the  yield 
of  hydrogen  decreases  from  8.2  to  5.2,  and  that  of 
2 , 3-butanediol  from  2.7  to  1.2.  Sulphur  hexafluoride 
does  not  affect  the  yields  of  methane,  carbon  monoxide, 
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TABLE  III- 14a 

Product  yields  from  vapor  phase  radiolysis  of  C^H,_OH-SF 

mixtures  at  150 °C . 

Ethanol  density  =  1.50  g / 1 


Mole  %  SF. 

b 

0 

0 . 065 

.15 

.36 

.63 

1.02 

3.13 

5.91 

Product 

rr 

r 

H2 

8.16 

n.d, 

5.22 

5.32 

y 

4.87 

5.12 

5.53 

- \ 

5.54 

ch4 

3.00 

n  .d, 

3.05 

3.03 

3.14 

3.13 

3 . 16 

3.43 

CO 

0.67 

n.d. 

0.68 

0.73 

0.70 

0.71 

0.70 

0 . 82 

n 

to 

1.05 

n .  d. 

1.27 

1.34 

1.02 

1.32 

1.41 

1.65 

C2H2 

0.25 

n .  d. 

0.24 

0.24 

n.d. 

0 . 34 

0.41 

0.24 

n_C4H10 

0.01 

n .  d* 

0 . 02 

0.01 

n.d. 

0.01 

0.01 

0.01 

ch3cho 

3.04 

— 

n .  d. 

Acetal 

- - 

5.51 

n .  d. 

5.10 

5.37 

5.55 

5.94 

6.34 

ch3cho  + 

acetal 

3.04 

5.51 

n .  d. 

5.10 

5.37 

5.55 

5.94 

6.34 

C2H5OC2H5 

0.17 

1.66 

n .  d. 

1.38 

1.64 

1.96 

2.48 

2.30 

Diethoxy 

methane 

0.24 

0.35 

n .  d. 

0.39 

0.65 

0.67 

1.08 

0.58 

1 , 2-propane¬ 
diol 

0.25 

0.67 

n .  d. 

0.76 

1.29 

1.31 

1.99 

1.47 

2 ,3-butane- 

2.70 

n .  d. 

n.d. 

1.16 

n .  d. 

1.23 

1.53 

n.d. 

diol 


TABLE  III-14b 


Mole  %  SF. 

6 

Mole  %  C^H^. 

3  6 

clIh2> 

g(CH4) 

g  (co) 

3.19 

5.16 

2.55 

2.46 

0.65 

- 
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Product  yields  in  the  radiolysis  of  ethanol  -  sulphur 
hexafluoride  mixtures.  Temperature =150 0 C . 

Ethanol  density  =;  1.50  g/1 


A 


0 

A 

□ 


Hydrogen 
Methane 
2 , 3-butaneaiol 
1 , 2-Propanediol 


B 


0 
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Product  yields  from  the  radiolysis  of  ethanol- 
sulphur  hexafluoride  mixtures  ^  Temperature  150°C 

Ethanol  density  =  1.50  g/1 


A 

B 

C 

D 


0  Acetaldehyde  +  Acetal 
0  Carbon  monoxide 

A  Acetylene 

□  Ethylene 

0  Diethyl  ether 

0  Diethoxy  methane 
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acetylene,  ethylene  and  n-butane.  The  yield  of  1 ,2- 
propanediol  increases  from  0.3  to  1.8,  that  of  (acetalde¬ 
hyde  +  acetal)  from  3.0  to  6.0,  that  of  diethyl  ether 
from  0.2  to  2. 4, and  that  of  diethoxy  methane  from  0.2 

to  1.0. 

Two  blank  samples  of  ethanol  containing  0.37  and 
5.91  mole  percent  SF^  were  prepared  in  exactly  the  same 
way  as  the  samples  for  irradiation  studies.  They  were 
heated  for  2  hours  at  150 °C  (time  for  which  the  samples 
were  irradiated  in  the  irradiation  study) .  They  were 
then  analyzed  for  gaseous  and  liquid  products.  A  pro 
cedure  similar  to  one  for  irradiated  samples  was  adopted. 

No  detectable  peak  for  any  of  the  liquid  and  gaseous 
product  was  obtained. 

One  sample  of  ethanol  (1.50  g/1)  containing  5.16 
mole  percent  C3H6  and  3.19  mole  percent  SF6  was  also 
irradiated  at  a  temperature  of  150°C  and  to  a  dose  of 
8  x  10^  eV/g.  This  sample  was  analyzed  for  only  hydrogen, 
methane  and  carbon  monoxide.  The  g  values  are  reported 
in  Table  III-14b.  The  product  yields  decrease  as  follows: 
hydrogen  from  8.2  to  2.6  and  methane  from  3.0  to  2.5.  The 
yield  of  carbon  monoxide  was  unaffected. 
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C.  Effect  of  ethanol  pressure  at  230°. 

The  variation  of  product  yields  with  pressure  was 
studied  by  varying  the  pressure  of  ethanol  in  the  irr¬ 
adiation  cells  over  the  range  54  to  1900  torr  (0.078  - 

2.78  g/1) .  The  samples  were  irradiated  to  a  dose  of 
1  9 

8  x  10  eV/g. 

Only  the  G  values  of  the  gaseous  products  were 
determined.  The  product  yields  as  a  function  of 
pressure  are  reported  in  Table  III-15  and  Figures  III-21 
and  III-22.  The  variation  of  pressure  has  no  effect  on 
the  yields  of  ethane  and  acetylene.  The  yields  of 
hydrogen  and  ethylene  decrease  from  12.8  and  2.7  to  7.2 
and  1.3  respectively.  The  yields  of  methane  and  carbon 
monoxide  increase  from  4.4  and  0.5  to  5.3  and  1.1  re¬ 
spectively  . 

D .  Detailed  study  at  350° 

1 .  The  effect  of  inhibitors 

a.  Ethanol-propylene  mixtures.  Ethanol  density  0.66  g/1 

Binary  mixtures  of  ethanol  and  propylene  were  irr- 

19  j- 

adiated  to  a  dose  of  7.5  x  10  eV/g.  The  pressure  of 

ethanol  was  568  torr  in  all  the  samples. 

The  g  values  of  various  gaseous  and  liquid  products 

as  a  function  of  propylene  concentration  are  presented 

in  Table  III-16  and  Figures  III-23  and  III-24.  The  hydro 

gen  and  methane  yields  were  corrected  for  tne  direct 
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Effect  of 


Pressure 

(torr) 


54.37 


110.9 


341 


458.5 


743.5 


1086 


TABLE  III-15 

pressure  on  product  yields  in  the  vapor  phase 

radiolysis'  of  C^H^QH  at  2  30°C 


ch4  CO  h2  c2h6 


.39  0.47  12.76  1.12 

.49  0.57  10.10  1.00 


.27  1.14  11.71  1.06 


.94  0.87  8.81  0.96 


4.52  1.18  8.41  0.65 

5.33  1.02  7.51  0.79 


C2H4  C3H8  C2H2 


2.65  n.d.  n.d* 


2.20  n  .  d*  n.d. 


1.81  >0.003  0 .47 


1.86  n.d*  0.20 


1.14  >0.001  0.22 


1.36  n . d<  0.13 


n-C4H6 


n.d* 


>0.02 


>0.03 


>0.01 


>0.01 


>0.01 


1901 


5.82 


1.18  7.20  0.80 


1.21  >0.004  0.19 


>0.02 


is 
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FIGURE  I I I- 21 

Product  yields  from  ethanol  radiolysis  as  a 
function  of  pressure.  Temperature  =  230°C 

A  0  Hydrogen 

B  0  Methane 


is 
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-2 

PRESSURE (torr )  X10 

FIGURE  III  -  22 

Product  yields  from  ethanol  radiolysis  as  a 
function  of  pressure*  Temperature  230°C. 


A 

B 

C 


0  Carbon  monoxide 
0  Ethane 
0  Ethylene 
A  Acetylene 
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Product  yields  in  the  radiolysis  of  ethanol- 
propylene  mixtures.  Temperature  =  350°C. 

Ethanol  density  —  0.66  g/1 • 


A  0  Hydrogen 

A  Methanol 

B  0  Carbon  monoxide 
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Product  yields  in  the  radiolysis  of  ethanol- 
propylene  mixtures.  Temperature  =  350cC. 


Ethanol  density  -  0.66  g/1. 

A  0  Methane 

A  Acetaldehyde 

B  O  Diethyl  ether 

C  O  sec-butyl  alcohol 

D  0  Diethoxy  methane 
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radiolysis  of  propylene,  using  G ( H ^ ^  H  =1.36  and 

3  6 

G(CH^)^  H  =  2.64,  which  were  obtained  when  propylene 
3  6 

was  irradiated  at  350°  and  805  torr. 

The  gaseous  products  measured  at  all  propylene 
concentrations  were  hydrogen,  methane  and  carbon  mon¬ 
oxide.  Ethane  and  ethylene  could  not  be  measured  when 
greater  than  1.5  mole  percent  propylene  was  present  in 
the  samples  because  of  the  interference  of  the  latter 
compound  during  -112°  distillation.  The  g  values  of 
CnH,,  CnH.  and  C0H0  for  the  sample  containing  1.44  mole 
percent  were  determined  using  methanol  slush  bath 

(-98°C)  during  distillation  in  place  of  ethanol  slush 
bath  (-112°)  and  these  values  are  also  reported  in 
Table  III-16.  Using  methanol  slush  bath  during  the  dis¬ 
tillation,  it  was  observed  that  C^H,,  CnH.  ,  C0H0  and  C0H, 
could  be  completely  separated  during  the  distillation. 

At  concentrations  greater  than  5  mole  percent  of 
propylene,  a  complex  mixture  of  liquid  products  was 

■j?  __ 

obtained.  These  liquid  products  were  not  identified. 

At  greater  than  20  mole  percent  propylene  in  ethanol 

samples,  such  a  complex  mixture  of  liquid  products  was 

obtained  that  even  acetaldehyde  could  not  be  separated 

from  other  products.  Furthermore,  on  the  Polypak-2 

column  C,-  alcohols  and  1,2-propanediol  could  not  be 
5 

separated,  so  g ( 1 , 2-propanediol)  is  not  reported  in 
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Table  III-16 . 

At  an  ethanol  density  of  0.66  g/1,  propylene  de¬ 
creases  the  various  product  yields  as  follows:  hydrogen 
from  45.9  to  11.0/  methane  from  38 e 9  to  20.0/  carbon 
monoxide  from  9 . 8  to  3.0, and  methanol  from  17.0  to  6.0. 

The  yields  of  ethane,  ethylene  and  propane  change  from 
3.5/  19.8  and  0.1  to  2.6,  15.3  and  9.1  respectively  by 
the  presence  of  1.44  mole  percent  propylene.  The  yields 
of  acetaldehyde,  diethyl  ether,  sec-butyl  alcohol  and 
diethoxy  methane  were  unaffected. 

b.  Ethanol-ammonia  mixtures.  Ethanol  density  0.66 — g/l_ 

Ethanol  samples  containing  0  to  16  mole  percent 

19 

ammonia  were  irradiated  at  350°  to  a  dose  of  7 . 5  x  10 
eV/g.  The  ethanol  pressure  of  568  torr  was  kept  con¬ 
stant  in  all  the  samples.  The  variation  of  product  yields 
with  ammonia  concentration  is  presented  in  Table  III-17 
and  Figures  III-25  and  III-26.  Acetaldehyde  reacts  with 
ammonia  (93)  so  the  yield  of  this  product  could  not  be 
determined.  The  hydrogen  yield  was  corrected  for  the 
direct  radiolysis  of  ammonia,  using  G(H2)NH^  -  15.0 
(  94  ) ,  which  was  obtained  when  ammonia  was  irradiated 

at  250°  and  835  torr. 

At  an  ethanol  density  of  0.66  g/1,  ammonia  decreases 
the  product  yields  as  follows :  carbon  monoxide 


. 


. 


■ 


, 
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TABLE  III -17 


G  values  of  products  in  the  radiolysis  of  C^H^OH-NH 

mixtures  at  350°C. 

Ethanol  density  0.6  6  g/1 


Mole  %  0 

™3— 

Product 

- -  / 

Hydrogen  45.8 

Methane  38.2 

Carbon  monoxide  9.7 


Ethane  3 . 4 

Ethylene  19.7 

Diethyl  ether  5.6 

Methanol  17 . 3 


0.29  4.85  9.24  10.65  15 


48.8 

37.1 

7.9 

1.4 

18.0 

0.7 

12.9 


..  g  _ 

35.5  42.3 

34.7  37.0 

4.7  5.1 

1.6  1.7 

16.1  17.8 

2.4  1.5 

6.8  6.2 


n.d.  32 


n.d.  35 


n  .d,  4 


n.d.  1 


n.d.  15 


n .  di  0 


9.0  7 


.  a 


b‘ 


, 


Product  yields  in  the  radiolysis  of  ethanol- 
ammonia  mixtures.  Temperature  =  350 °C. 

Ethanol  density  ~  0.66  g/1. 


A  0  Hydrogen 

B  0  Methane 

C  0  Carbon  monoxide 

D  0  Ethane 
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Product  yields  from  the  radiolysis  of  ethanol- 
ammonia  mixtures.  Temperature  =  350°C. 

Ethanol  density  -  0.66  g/1 


A 

B 

C 


O  Ethylene 

0  Diethyl  ether 

0 


Methanol 
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from  9.8  to  4.8,  ethane  from  3.5  to  1.6,  diethyl  ether 
from  5.6  to  0.3;and  methanol  from  17.4  to  7.5.  The  yields 
of  hydrogen,  methane  and  ethylene  were  unaffected. 

c.  Ethanol-sulphur  hexafluoride  mixtures.  Ethanol 

density  0.6  6  gl 

Samples  of  ethanol  plus  0  to  20  mole  percent  sulphur 
hexafluoride  were  irradiated  to  a  dose  of  7.5  x  1019  ev 
g  .  The  ethanol  pressure  of  568  torr  was  kept  constant 
in  all  the  samples. 

The  g  values  of  various  gaseous  and  liquid  products 
as  a  function  cf  sulphur  hexafluoride  concentration  are 
presented  in  Tables  III-18  and  III-19  and  Figures  III-27, 
'III-28,  III-29  and  III-30.  The  g  values  of  ethane  are 
not  reported  in  Table  III-18  because  it  could  not  be  sep¬ 
arated  from  sulphur  hexafluoride  on  2%  Apiezon-L  on  silica 
gel  column. 

At  an  ethanol  density  of  0.66  gl  ^ ,  sulphur  hexa¬ 
fluoride  decreases  the  product  yields  as  follows:  hydrogen 
from  45.9  to  16.8,  methane  from  38.9  to  9.0,  carbon  mon¬ 
oxide  from  9.8  to  1.0,  ethylene  from  19.8  to  8.2,  sec- 
butyl  alcohol  from  2.8  to  O.l^and  methanol  from  17.0 
to  6.3.  The  yield  of  (acetaldehyde  +  acetal)  appears  to 
remain  constant  by  the  presence  of  up  to  1  mole  percent 
of  sulphur  hexafluoride.  The  increase  of  sulphur  hexa¬ 
fluoride  concentration  over  the  range  1  to  20  mole  percent 
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FIGURE  III-27 


Product  yields  in  the  radiolysis  of  C^H^-OH  —  SF^  mixtures 

Temperature  =  350°C.  Ethanol  density  =  0.66  g/1 

O  Hydrogen 

A  Acetaldehyde  +  Acetal 
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yields  in  the  radiolysis  of  ethanol-sulphur  hexafluoride 
.  Temperature  =  350°C.  Ethanol  density  -  0.66  g/1  . 

A  0  Diethyl  ether 

B  O  1,2-Propanediol 

C  0  sec-butyl  alcohol 
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increases  the  yield  of  (acetaldehyde  +  acetal)  from 
about  43  to  84  g  units  (Fig.  III-27.  The  yields  of 
propane,  acetylene,  n-butane,  diethoxy  methane,  diethyl 
ether  and  1,2-propanediol  were  unaffected. 

2 .  Effect  of  ethanol  pressure. 

The  dependence  ofproduct  yields  on  pressure  was 
studied  by  varying  the  pressure  of  ethanol  in  the  irr¬ 
adiation  cells  over  the  range  65  to  1800  torr  (0.076  - 
2.14  gl  1) .  The  samples  were  irradiated  to  a  dose  of 
7.5  x  1019  eV  g-1. 

The  yields  of  various  products  as  a  function  of 
pressure  are  presented  in  Table  III-20  and  Figures  III-31 
and  III-32.  The  yields  of  ethane  and  ethylene  were  un¬ 
affected  by  change  of  pressure.  The  yields  of  methane, 
methanol,  sec-butyl  alcohol  and  carbon  monoxide  increase 
in  the  following  manner:  methane  from  18.2  to  52.8, 
methanol  from  4.5  to  25.8,  sec-butyl  alcohol  from  1.5  to 
3. 2, and  carbon  monoxide  from  3.3  to  10.5.  The  yields  of 
diethyl  ether,  hydrogen  and  acetaldehyde  decrease  in  the 
following  way:  diethyl  ether  from  10.2  to  0.90,  hydrogen 
from  75.8  to  28.9pand  acetaldehyde  from  73.0  to  59.9. 

E .  Pyrolysis  of  ethanol 

1.  Pure  ethanol  at  350°  and  density  0.66  gl  \ 

Two  samples  of  pure  ethanol  were  prepared  in  exactly 
the  same  manner  as  the  samples  for  irradiation  study.  The 
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Product  yields 

TABLE  III-20 

• 

as  a  function  of  pressure  in  the 

radioly 

Pressure  (torr) 

of  ethanol 

67.4 

at  350 °C 

279 

r 

568 

1789 

Product 

/ 

Hydrogen 

75.8 

58.4 

45.9 

28.9 

Methane 

18.2 

31.9 

38.9 

52 . 8 

Carbon  monoxide 

3.3 

5.9 

9.8 

10.5 

Ethane 

2.5 

2.4 

3.5 

2.2 

Ethylene 

18.3 

18.5 

19.8 

16.8 

Diethyl  ether 

10.2 

7.3 

5.6 

0.9 

Acetaldehyde 

72.9 

79.5 

41.5 

59  .9 

Methanol 

4.5 

10.3 

17.0  » 

25.8 

sec-butyl 

alcohol 

1.5 

1.6 

2 . 8 

3.2 

- 

. 

' 

§1 


138 


FIGURE  III-31 

Product  yields  from  ethanol  as  a  function  of 
pressure.  Temperature  =  350°C 

A  0  Hydrogen 

A  Carbon  monoxide 


B 


0 


Ethylene 
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-2 

PRESSURE  ( torr)X10 

FIGURE  III  -  32 

Products  from  ethanol  radiolysis  as  a  function 
of  pressure.  Temperature  =  350°C. 


A  0  Methane 

A  Methanol 

B  0  Ethane 

A  sec-butyl  alcohol 

Diethyl  ether 
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density  of  ethanol  in  these  samples  was  the  same  as  for 
ethanol  in  irradiation  samples.  One  sample  was  heated 
for  2  hr  (irradiation  time  for  ethanol  samples)  at  350° 
and  the  second  sample  was  heated  for  20  hours  at  350°. 

These  samples  were  analyzed  for  liquid  and  gaseous  pro¬ 
ducts  in  a  way  identical  to  that  for  irradiation  samples. 
The  number  of  moles  of  each  of  the  gaseous  and  liquid 
product  was  calculated.  The  results  are  presented  in 
Table  III-21.  The  number  of  moles  of  the  various 
products  obtained  from  irradiation  of  ethanol  at  350° 
for  2  hrs  are  also  presented  in  Table  III-21  together 
with  the  ratio  X^. 

no.  of  moles  of  a  product  from  pyrolysis  sample _ 

X  i  ~  ~ 

no.  of  moles  of  the  same  product  from  irradiation 

sample 

For  the  pyrolysis  sample  that  was  heated  for  20 
hr  at  350°  ,  the  number  of  moles  of  each  product  was  div¬ 
ided  by  10  to  get  the  number  of  moles  of  the  product  for  2 
hr  pyrolysis  time.  This  was  then  divided  by  the  number  of 
moles  of  the  same  product  from  irradiation  of  pure  ethanol 
at  350°  for  2  hrs  to  get  the  ratio  X^.  The  value  of  this 
ratio  was  largest  for  hydrogen  and  acetaldehyde  (0.32  and 
0.29  respectively)  and  the  smallest  for  methane  (0.0040). 
For  ethane ,  ethylene  and  diethyl  ether,  the  value  of  the 
ratio  X±  is  0.012,  0.026,  and  0.068  respectively.  The 
differences  in  the  values  of  X-^  between  the  2  hour  and  20 
hour  pyrolyses  (Table  III-21)  cannot  be  understood  without 
the  thorough  study  of  the  pyrolysis  reaction. 
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2 .  Mixtures  of  ethanol  with  sulphur  hexafluoride,  ammonia 
or  propylene  at  350°.  Ethanol  density  0.66  gl  1 

Binary  mixtures  of  ethanol  and  the  scavenger  were 
prepared  in  a  manner  similar  to  that  used  for  the  irradi¬ 
ation.  samples.  The  samples  were  heated  for  2  hrs  at  350° 
(time  for  which  the  samples  were  irradiated) .  After  heat¬ 
ing,  the  samples  were  analyzed  for  the  liquid  and  gaseous 
products.  The  method  used  was  the  same  as  that  for  irr¬ 
adiation  samples.  The  number  of  moles  of  the  various 
products  obtained  in  the  pyrolysis  study  is  presented  in 
Table  III-22.  The  number  of  moles  of  the  various  products 
obtained  in  the  radiolysis  of  (ethanol  +  scavenger)  at 
350°  and  the  ratio  X^. 

No.  of  moles  of  a  product  from  pyrolysis  samples  of 

ethanol  +  Z  mole  %  scavenger _  . _ _ 

X2-  No.  of  moles  of  the  same  product  from  the  radiolysis 
of  ethanol  +  Z  mole  %  scavenger 

are  also  presented  in  Table  III-22. 

The  value  of  the  ratio  X2  for  hydrogen,  when  sulphur 
hexafluoride  was  used  as  the  scavenger,  was  largest 
(X0  =  0.88).  The  ratio  X9  for  (acetaldehyde  +  acetal) , 
ethylene,  diethyl  ether  and  methane  was  0.30,  0.08,  0.04, 
and  0.02  respectively  (Table  HI-22)  .  Similar  conclusions 
were  obtained  when  propylene  or  ammonia  were  used  as  the 
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3 .  Pure  ethanol  at  375°  and  density- 0 . 6 6  g/1 

A  procedure  similar  to  the  one  for  pyrolysis  of 
ethanol  studies  at  350°  was  used.  The  number  of  moles 
of  hydrogen,  methane,  carbon  monoxide,  ethane  and  ethyl¬ 
ene  obtained  in  the  pyrolysis  study  and  from  irradiation 

study  at  375°  are  presented  in  Table  III-23.  The  ratio 

X  -  No.  of  moles  of  a  product  from  pyrolysis  sample  at  375° 

3  No.  cf  moles  of  the  same  product  from  irradiated  sample 

at  375° 

is  also  reported  in  Table  III-23.  The  value  of  the  ratios 
and  (Tables  III-21  and  III-23)  for  methane  is  nearly 
the  same.  The  values  of  the  ratio  X^  for  hydrogen,  ethane 
arid  ethylene  are  lower  than  the  corresponding  X^  values 
(Tables  III-21  and  III-23)  . 
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Part  III  Vapor  Phase  Radiolysis  of  Propylene 

A.  Effect  of  temperature  at  constant  density  (1.96  gl  1) 
Samples  of  propylene  were  irradiated  in  500  ml  irrad¬ 
iation  cells  at  various  temperatures  (25° ,  150°  and  350°) 
to  a  dose  of  7.8  x  1019  eV  g"1.  The  pressure  of  propylene 
was  865  torr  at  25°.  Only  G(H2)  and  G(CH4)  were  deter¬ 
mined.  The  G  values  are  presented  in  Table  III-24.  G(H2) 
changes  from  1.12  to  1.36  and  G(CH4)  increases  from  0.30 
to  2.64  as  the  temperature  increases  from  25°  to  350°. 

B .  Effect  of  propylene  pressure  at  150° 

The  dependence  of  G(H2)  and  G(CH4)  on  pressure  in 
the  radiolysis  of  propylene  was  studied  by  varying  the 
pressure  of  propylene  over  the  range  30  to  870  torr 
(0.048  -  1.39  gl_1) .  Each  sample  was  irradiated  to  a 
dose  of  7.8  x  1019  eV  g-1.  The  variation  of  G(H2)  and 
G  (CH . )  is  presented  in  Table  III-25  and  Figure  III-33. 

fz 

G(CH4)  is  unaffected  by  pressure.  G(H2)  decreases  from 
1.80  to  1.27  with  increase  of  pressure. 
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table  hi  -  2  4 


The  variation  of*G(H2)  and  G(CH4)  with  temperature  in  the 
radiolysis  of  propylene.  Propylene  density-  1.96  g/l 


Irradiation 

temperature 

(°C) 


g(h2) 


g(ch4) 


25 

1.12 

0.30 

150 

1.27 

0.23 

350 

1.36 

2.64 

TABLE  III  - 

25 

G(H2)  and  G(CH4) 

as  a  function 

of  pressure 

in  the  radio 

of  propylene 

at  150° 

Pressure 
( torr ) 

density 

g/l 

g(h2) 

g(ch4) 

43.6 

0.07 

1.80 

0.25 

129.9 

0.21 

1.72 

0.27 

439.2 

0.70 

1.29 

0 . 22 

1228 

1.96 

1.27 

0.23 

I 


. 
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FIGURE  III  -  33 


G(H2)  and  G(CH4)  as  a  function  of  pressure 
the  radiolysis  of  propylene.  Temperature  = 

A  0  Hydrogen 

B  0  Methane 


in 

150  °C . 


150 


DISCUSSION 

» 

A.  Vapor  phase  radiolysis  of  diethyl  ether 

The  material  balance  for  the  products  obtained  from 
radiolysis  of  diethyl  ether  vapor  (1.16  g/1)  at  33°  and 
at  a  dose  of  1.6  x  10  eV/g  is  presented  in  Table  IV-1. 

G (-ether)  is  found  to  be  10.7.  The  radiolysis  products 

add  up  to  an  empirical  formula  of  C4H10.3°0.97  whlch 
corresponds  to  an  excess  of  G(H2)  =  1.6  and  a  deficiency 
of  G(02)  =  0.16.  These  values  obtained  in  the  present 
study  agree  well  with  the  values  obtained  in  an  earlier 
study  (95).  This  poor  material  balance  might  be  due  to 
the  formation  of  polymeric  products  containing  more  than 
eight  carbon  atoms  which  were  not  measured  in  the  pre¬ 
sent  study.  The  total  extent  of  decomposition  of  diethyl 

20 

ether  at  33°  and  at  a  dose  of  1.6  x  10  eV/g  v/as  0.2 
percent . 

1 .  The  chain  reaction 

At  high  temperatures ,  the  products  ethane  and  acet¬ 
aldehyde  are  produced  mainly  by  a  chain  reaction  (Fig¬ 
ure  III-l) .  Methane  and  carbon  monoxide  are  also  pro¬ 
duced  by  the  chain  decomposition  of  acetaldehyde  at 
these  temperatures  (Figure  III-2A) ,  but  for  the  sake  of 
simplicity  in  this  discussion,  the  decomposition  of 
acetaldehyde  will  be  ignored  and  the  total  acetaldehyde 
yield  will  be  taken  as  the  sum  of  the  acetaldehyde  and 


-  ' 


■ 


■ 


» 
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■ 
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TABLE  IV- 1 


Material  balance 

for  pure 

diethyl 

ether  vapor 

Product 

C 

H 

0 

H2 

11.7 

- 

ch4 

1.55 

6.20 

- 

CO 

0.47 

— — 

0.47 

C2H6 

0.80 

2.40 

- 

O 

t\j 

.c* 

3.58 

7.16 

— 

C3H8 

0.66 

1.76 

- 

C4H10 

0.36 

0.90 

— 

^2^2 

0.46 

0.46 

— 

ch2o 

0.64 

1.28 

0.64 

(CH3) 2CHOC2H5 

5.40 

12.96 

1.08 

.och3 

CH  CH<" 

OC2H5 

1.70 

4.08 

0.68 

CH3CHO 

2.80 

5.60 

1.40 

CH3CH (OC2H5) 2 

— 

- 

- 

C2H5OH 

1.26 

3.78 

0.63 

CH2=CHOC2H5 

1.48 

2.96 

0.37 

(CH3CHOC2H5) 2 

16.96 

38.16 

4.24 

CH3CH (C2H5) OC2H5 

4.68 

10.92 

0.78 

TOTAL 

42.80 

110.32 

10.29 

• 

► 

■ 

. 

^s/ 

1 
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carbon  monoxide  yields. 

The  formation  of  the  products  ethane,  acetaldehyde. 


n-butane,  sec-butyl  ethyl 

ether  and  2 , 3—diethoxybutane 

are  explained  by  the  following  mechanism. 

I 

C„H  OC„Hc 

2  5  2  5 

R  +  R' 

(1) 

R  +  C2H5OC2H5 

RH  +  CH3CHOC2H5 

(2) 

R'  +  C2H5OC2H5 

-> 

R'H  +  CH3CHOC2H5 

(3) 

CHoCH0CoHc 

5  2  5 

ch3cho  +  c2h5 

(4) 

C2H5  +  C2H5OC2H5 

C2H6  +  CH3CHOC2H5 

(5) 

2CH3CHOC2H5 

->■ 

(CH3CHOC2Hs) 2 

(6) 

ch3choc2h5  +  c2h5 

CH^CHOC^Hj. 

3  |  2  5 

(7) 

^2^5 

2C2h5 

C4H10 

(8) 

where  R  and  R1  are  r 

adicals  and 

I 

10  2  D  G  (R)  (i) 

where  D  is  the  dose 

rate  (eV/cc  sec)  and  G (R) 

is 

the  100-ev  yield  of  R. 

The  disproportionation  counterparts  of  reactions 
6,  7,  and  8  occur  to  a  smaller  extent 


2CH3CHOC2H5 
CH3CHOC2H5  +  c2h5 


2C2H5 

^12 

It  is  known  that  r- - 

K8 


+  c2h5oc2h5  +  ch2=choc2h5(9) 

-  c2h5oc2h5  +  c2h4  (10) 

->■  CH2=CHOC2H5  +  C2Hg  (11) 

->  +  C~H.  (12) 

2  6  2  4 

=  0.14  (96) .  An  upper  limit  of 


' 
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—  <  0.14  is  obtained  from  the  ratio  of  the  yields  of 

k6  - 

ethyl  vinyl  ether  and  2 , 3-diethoxybutane  at  80°.  An 

k,  , 

upper  limit  of  -  <  0.0/  is  obtained  from  the  ratio 

of  the  yields  of  ethyl  vinyl  ether  and  sec-butyl  ethyl  ether 
at  125°,  and  it  is  reasonable  to  assume  that  (k^Q  +  k  — 

0.14. 

Since  reactions  9—12  occur  to  a  much  smaller  extent 
than  do  the  reactions  6-8,  the  discussion  of  the  chain 
mechanism  will  be  further  simplified  by  neglecting  the 
disproportionation  reactions.  This  will  not  alter  the  con¬ 
clusions  or  the  values  of  the  activation  energies  obtained. 

The  sum  of  the  G  values  of  the  products  of  the  chain 
terminating  reactions  6-8  is  constant  at  5.1  +  0.3  at 
temperatures  greater  than  80° ,  so  steady  state  kinetics  can 
be  applied  to  the  simplified  chain  mechanism  in  this  temp¬ 
erature  region.  The  value  of  G (R)  is  approximately 
5.1  x  1.14  =5.8. 

The  yields  of  the  chain-termination  products  2,3- 
diethoxybutane ,  sec-butyl  ethyl  ether  and  n-butane  (Fig. 
III-2B)  indicate  that,  in  the  temperature  region  from 
about  100°  to  140°,  the  average  kinetic  effects  of  reaction 
6-8  are  approximately  the  same  as  those  that  would  be 
observed  if  chain  termination  occurred  only  by  reaction 

7. 

The  steady  state  treatment  for  the  radicals  R,  R', 


_ j 


' 
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C2H5,  CH3CHOC2H5  gives: 


^|]=  0  =  I  -  k2[R][C2H5OC2H5] 


0  =  1-  k3[R'][c2H5oc2H5] 


(13) 

(14) 


d[C2H5l 


dt  =  0  =  k4[CH3CHOC2H5]  -  VC2H5]  [C2H5OC2H5] 
. -  k? [CH3CHOC2H5] [C2H51 


(15) 


d[CH3CHOC2H5] 


=  0 


dt 


=  k2[R] [C2H5OC2H5]  +  k3[R'] [C2H5OC2H5] 
-  k4 [CH3CHOC2H5]  +  k5 [C2H51 [C2H5OC2H5] 


-  k7 [CH3CHOC2H5] [C2H5] 


(16) 


On  solving  13,  14,  15  and  16  we  get 


[ch3choc2h5] 


k7  '■C2H5^ 


-k?I  +  {k?2I2  +  4k4k5k?I  [C2H5OC2H5] } 


h 


[c2h5]  = 


2k5k? [C2H5OC2H5] 


(17) 


(18) 


d^C2H6^  = 


k5[C2H5][C2H5°C2H5] 


dt 


(19) 


Substituting  for  [C2H5]  from  18  into  19  and  solving,  we  get 


d[C2H6l  =  --  +  {(-)  +  k4k5  I  [C2H5OC2H5]} 

dt  2  2  k7 


(ii) 


' 


\ 
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Furthermore,  chain  initiation  is  first  order  in  ether 

concentration,  i:e. 

I  =  A*  [C2H5OC2H5]  (iii) 

where  A'  is  a  proportionality  constant  that  depends  on 
the  y-beam  intensity,  the  ether  molecular  absorption  co¬ 
efficient,  and  the  efficiency  of  reaction  1.  Therefore 


d [C2H6] 
dt 


2k.k  ^ 

{  -A  +  (A  +  — —  A)  }[C2H5OC2H5]  (iv) 


where  A  = 


.  The  value  of  G(C2H6)  is  given  by 


G ^C2H6^ 


io2  d^c2H6-* 


(v) 


D 


dt 


From  equations  i,  iii/  iv  and  v  we  obtain 

G(R)  2^4^5 

G(C0H  )  =  -  (-1  +  (1  +  — - ~)  * 

26  2  k?A 


(vi) 


Since  G (R)  is  expected  to  be  independent  of  ether  con 
centration,  G(C2H6)  should  also  be  independent  of  ether 


concentration  in  this  temperature  region. 


can  readily  be  shown  that  GCCH^CHO)  should  also 
be  independent  of  ether  concentration  in  this  temperature 
region.  Values  of  G(C2H6)  and  G (CH3CHO)  at  140°  were 
found  to  be  independent  of  ether  pressure  over  the 


range  172  to  622  torr  (Fig. 
temperatures  greater  than  80 


III-5A) 

O  G(R) 


as 


expected . 
2.9.  Thus 


At 

equa¬ 


tion  vi  can  be  rearranged  to 


2 


' 


V 

• 

' 
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G  (C2H6^ 

2.9 


+  1 


•1  = 


2k4k5 

k?A 


(vii) 


The  logarithm  of  the  left-hand  side  of  equation  vii  was 
plotted  against  1/T,  where  T  is  the  absolute  temperature 
(Figure  IV-1) .  A  small  amount  of  ethane  is  formed  by 
another  mechanism  (G  =  0.40  at  33  and  50°),  so  this  was 
subtracted  from  the  higher  temperature  yields  in  the  pre¬ 
sent  treatment.  The  net  G  value  is  designated  as  Gcor. 
The  acetaldehyde  yields  were  similarly  treated  and  are 
also  plotted  in  Figure  IV-1.  From  the  slope  of  the  curve 


in  the  region  that  corresponds  to  temperatures  110  to  140 
the  value  (E4  +  E5  -  E?)  '=  28  kcal/mole  was  calculated, 
where  E„  is  the  activation  energy  of  reaction  4,  and  so  on 
However,  E?  £  O,  so  (E4  +  E5)  =  28  kcal/mole. 

At  temperatures  greater  than  200°,  the  main  chain 
termination  product  is  n-butane  (Fig.  III-2B),  so  termin¬ 
ation  occurs  mainly  by  reaction  8.  Under  these  conditions 
the  value  of  G(C2H6)  can  be  shown  to  be 


G (C2H6) 


J  l-C2H5OC2H5^ 

I  A' 


*5 

> 


G  (R) 


(viii) 


The  concentration  of  ether  was  constant  in  these  experiments, 
so  one  could  obtain  the  value  of  (E5  -  ^Eg)  by  plotting  log 
G(c  H  )  vs.  -  .  The  yields  of  ethane  are  so  large  at 

2  6  m 


\ 


' 


. 


. 


i  :-r  >.  *  ; 


1 


, 
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FIGURE  IV- 1 


Arrhenius  plot  of  ethane  (0)  and  acetaldehyde 

(A)  yields":  G(C0Hj  =  G  (C0H , )  -0 .40; 

2  26  cor.  2  6 

G  (CIUCHO  +  CO)  =  G  (CH-.CH0  +  CO) -1.8 

j  COX'  •  o 
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temperatures  greater  than  160°  that  the  left-hand  side 

2 

of  equation  vii  is  essentially  equal  to  [G  (C2Hg) /2 . 9]  . 

Thus  the  value  of  (2E5  -  Eg)  can  be  calculated  from  the 
slope  of  the  upper  portion  of  the  curve  in  Figure  IV-1. 

The  value  of  Eg  is  zero,  so  E^  =  9  kcal/mole.  Therefore, 

E^  =  19  kcal/mole.  By  comparison,  Long  and  Skirrow  (97) 
have  reported  E^  =  23.5  +2  kcal/mole  and  E2g  -  9.75  +0.5 
kcal/mole 

CH3  +  C2H5OC2H5  ->  ch4  +  ch3choc2h5  (20) 

The  order  of  reaction  4  is  expected  to  be  about 
1.5  in  the  pressure  range  investigated  (172  -  622  torr) . 
This  was  estimated  from  the  following  information.  The 
decomposition  of  methoxymethyl  radicals  at  248  and  at 
pressures  in  the  vicinity  of  300  torr  has  been  found  to 
be  1.4  order  (98).  In  the  thermal  decomposition  of  ethyl 
radicals  over  the  pressure  range  4  to  650  torr  and  the 
temperature  range  400°  to  500°,  the  order  of  reaction 
varies  from  1.6  for  the  lowest  pressure  to  1.4  at  the 
highest  pressure  (99) .  The  decomposition  of  sec-butoxyl 
radicals  to  ethyl  radicals  and  acetaldehyde,  over  the 
temperature  range  150°  -  190°  and  the  pressure  range 
12  -  200  torr,  was  found  to  be  in  the  transition  zone 
between  first  and  second  order  (100) •  Therefore,  reaction 
4  -should  be  represented  as  4a-c. 


1 


.  1 
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* 


CHoCH0CoHc 

3  2  5 

+  M 

+  CH_CHOC„H  + 

3  2d 

M 

(4a) 

•  * 

CH-,CHOCnH 

3  2  5 

+  M 

+  CHoCH0CoH  + 

3  2d 

M 

(4b) 

* 

CHoCH0C„Hc 

3  2  5 

+  CH-CHO  +  C0Hc 
3  2  5 

(4c) 

where  M  stands  for  diethyl  ether.  An  overall  order 
of  1.5  for  the  decomposition  reaction  means  that  it  is  0.5 
order  in  M  and  1.0  order  in  CH3CHOC2H5  radicals.  On  the 
other  hand  reaction  5  is  proportional  to  first  power  of 
ether  concentration.  So,  as  the  pressure  of  diethyl  ether 
increases,  the  lifetime  of  ethyl  radicals  in  the  system 
decreases  more  rapidly  than  does  that  of  the  CH3CHOC2H5 
radicals.  Therefore,  as  the  ether  pressure  increases, 
reaction  7  contributes  progressively  more  and  reaction  8 
progressively  less  to  the  termination  of  the  chains .  This 
causes  the  yield  of  n-butane  to  decrease  and  that  of  2,3— 
diethoxybutane  to  increase  with  increasing  ether  pressure 
(Figure  III-5C) . 

g(c4h9oc2h5) 

The  value  of  the  ratio  - -  > 

[G(n-C4H10)  x  G(  (CH3CHOC2H5)  2)  ]2 

is  2.2  ±  0.2  at  all  temperatures  at  which  it  could  be 
determined  (Table  IV-2).  This  value  is  consistent  with 
the  suggestion  that  these  products  are  formed  exclusively 
by  reactions  6-8. 

In  addition  to  the  above  mentioned  free  radical 
chain  mechanism,  the  following  chain  mechanism  with  ionic 
chain  carriers  was  also  considered. 


■V 

, 

' 
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TABLE  IV-2 

.  # 

Ratio  of  Products  of  Radi cal -Radi cal 

Reactions 

G  (C4H9OC2H5) 

[G(n-C4H  Q)  x  G(CH3CHOC2H5)2]^ 


Temperature 

°C 


33 


50 


80 


110 


140 


2.18 

2.58 

1.98 

2.01 

2.13 


Average 


2.2  +  0.2 


. 


161 


CoHc0CoHc 
Z  b  Zb 

CoHc0CoHc 
Z  b  Zb 

CH^CH0+CoHc 
b  Zb 


+  ' 


+ 


C0Hc  +  CoHc0CoHc 
Z  5  Z  b  Z  b 

CH~CH0+CoHc  +  e' 
o  Zb 

C0Hc+  +  e‘ 
Z  b 


-y 


-y 


-y 


-y 


-y 


+  * 

CoHc0CoHc  +  e 
Zb  Zb 

CHoCH0+CnHc  +  H 
b  Zb 


+ 


CH.,CHO  +  C~Hc 
b  Zb 

C~H  ,  +  CHoCH0+CoHc 
Z  6  b  Zb 

CH3CHOC2H5 

C2H5 


(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

-1 


AH  (23)  and  AH(24)  were  calculated  to  be  64.2  kcal  mole 
and  -63.9  kcal  mole  ^  respectively.  The  values  of  heats  of 
formation  of  ions  and  molecules  and  the  ionization  potentials 
of  molecules  needed  for  calculation  of  AH  (23)  and  AH  (24) 
are  presented  in  Tables  IV-3a  and  IV- 3b.  The  comparison  of 
the  endothermicity  values  of  reactions  23  (AH=64.2)  and  4(AH=5) 
shows  that  reaction  23  will  be  very  slow  and,  therefore,  neg¬ 
ligible  as  compared  to  reaction  4.  Therefore,  the  free  radical 
chain  mechanism  is  favored  much  more  than  the  ionic  chain  mech¬ 
anism  considered  above.  Furthermore, the  following  two  causes 
also  support  rejection  of  the  above  mentioned  ionic  chain  mechan¬ 


ism  . 


(i)  The  proton  affinity  of  diethyl  ether  is  about 

-1 


204  kcal  mole 


This  was  estimated  from  the 


following  proton  affinity  values  in  kcal  mole 


-1 


CHo0H  180  +  3  (2);  C„HcOH,  193  +  8  (2);  CH_OCH^, 
b  f  —  Zb  —  b  b 

191  +  10  (2) .  Therefore,  reaction  27  should  also 
be  considered  in  addition  to  reaction  24. 

C2H5+  +  (C2H5)20  +  C2H4  +  (C2H5)2OH+  (27) 


■ 

v 


. 
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TABLE 

IV- 3  a 

Heats  of  formation  (AH  °) 

of  some  molecules, 

radicals 

and  ions  in  kcal  mole  ^  at  25° 

Species 

o 

AHf 

Species 

Mf- 

C2H6 

-  20.2  (101) 

ch3cho 

-39.8 

(105) 

CH3OCH3 

-  44.0  (101) 

c2h5och3 

-  51.7 

(106) 

C2H5OC2H5 

-  60.3  (102) 

H 

52.1 

* 

(  101) 

c  H, 

26.7  (101) 

ch3choc2h5 

-  18.4 

^2^5 

224  (103) 

CH3CHO+C2H5 

•f* 

120 

ch3cho+ch3 

135  (  104) 

TABLE 

IV-3b 

Ionization 

potentials  (IP)  of  some  molecules 

in  kcal 

,  -1 

mole 

Molecule 

IP 

ch3och3 

230.5  CL07) 

C2H5°CH3 

2  2  6.1  CL07) 

C2H5OC2H5 

219.7  a07) 

*AHf  (CH3CHOC2H5)  =  D (C2H5OCH (CH3) -H)  -  AHf  (H) +AHf  (c2H5OC2H5) 

D (c  H  OCH (CH „ ) -H) =  94  (108)/  where  D  is  the  bond  dissoci- 

25  3  ation  energy 

+AHf  (CH3CHO+C2H5)  =  AHf  (CH3CHO+CH3) +AHf (C2H5OC2H5) 

"AHf (C2H5OCH3)  +  Ip(C2H5OC2H5) 


ip  (c2h5och3) 


* 


. 


>  - 
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From  the  study  of  the  radiolysis  of  propane-dg 
in  the  presence  of  various  polar  compounds  M 
(where  M  is  CPI 3 OH ,  CH3N02,  CH3OCH3  or  (CH3)2N2)' 
it  was  observed  that  the  rate  of  proton  transfer, 
reaction  28?is  10  to  100  times  that  of  the  com- 

C2H5+  +  M  C2H4  +  MH+  (  (28) 

peting  hydride  ion  transfer  reaction  (18)  .  This 
fact  shows  that  reaction  27  is  much  more  important 
than  reaction  24. 

(ii)  In  the  reactions  of  esters  with  CH*  and 

5 

C3H^+,  it  was  found  that  there  were  notably  more 

(MW  +  1)+  than  (MW-1)+  ions  produced  (109,110)  , 

where  MW  is  molecular  weight.  It  was  also  found 

+  + 

in  the  reactions  of  ethers  with  CH^  and  C2H,_ 
that  there  were  notably  more  (MW  +  1)+  than 

-f- 

(MW-1)  ions  produced  (111)  .  This  also  shows 
that  reaction  27  is  more  important  than  reaction 
24. 

If  reaction  24  is  replaced  by  reaction  27,  the  chain 
propagation  steps  in  the  ionic  chain  mechanism  can  be 
written  as : 


CHoCH0+CoHc 
r  3  2d 

->  CHoCH0  + 

D  2d 

(23) 

chain  \ 

C2H5  +  ^C2FV  2° 

-  c2h4  +  (c2h5)2oh+ 

(27) 

(C2H5} 2°H+ 

1 

propa¬ 

gation 

->  C0H  +  CoHc;0H 

2  5  2  5 

(29) 

L 

' 
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(C„HJ„0H+  +  e  •*  (C0H  )  o0  +  H 
Z  b  Z  Z  b  2 


C0H._  +  e  -*•  C rjH  „ 

z  o  Zb 


(30) 

(26) 


If  reactions  27  and  29  were  the  chain  propagation 
steps,  then  ethylene  and  ethanol  would  be  chain  products, 
which  is  not  observed.  This  mechanism  is  also  dis¬ 
carded  . 


a.  Energetics  of  reaction  4.  Reaction  4  is  5  kcal 
mole  '  endothermic.  The  thermochemical  data  needed  to 
calculate  AH  of  reaction  4  is  presented  in  Table  IV-3a. 
The  fact  that  =  19  kcal  mole  ^  indicates  that  the 
activation  energy  of  the  reverse  reaction 


C0Hc  +  CH^CHO  ->  C0H  OCHCH.  (31) 

Zb  b  Zb  b 

is  E^  =  14  kcal/mole.  This  accounts  for  the  fact  that 

reaction  31  has  never  been  observed  to  occur.  The  more 

favorable  metathetical  reaction  32  occurs  instead  (112) . 

The  abstraction  reaction  32  has  an  activation  energy  of 

only  7-8  kcal/mole.  (112). 

C0Hc  +  CH-CHO  +  C0H  +  CHoC0  (32) 

Zb  b  Zb  o 


Potential 

energy 


E.  =  19  kcaJ 

4  ,  -1 
mole 


An 


CH3CHOC2H5 


E31=14  kcal  mole 

r 

T 


-1 


CHoCH0  +  C„H, 
"3  Zb 


AH=5  kcal/mole 


reaction  coordinate 


- 


' 


' 
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Similar  energetics  have  been  observed  in  the  decom- 

4 

position  of  methoxymethyl  radical  (CH^OCH^)  and  other 
oxygen  containing  radicals. 


AH 


E 


kcal/mole  kcal/mole 


CH3OCH2  ->  CH30  +  CH2  9.3  (98)  25.5  (98) 

CoHc0  ->  CH,  +  CHo0  10  (62)  21  (62) 

(CH3)  3CO->  CH3  +  (CH3)2CO  4.7  (62)  12  (113) 

b.  Chain  length .  The  average  chain  length  is  defined 
as  the  number  of  molecules  of  the  desired  product  pro¬ 
duced  per  initial  chain  carrier.  In  the  present  study, 
the  total  primary  yield  of  radicals  is  G(ether-*R  +  R')  = 
5.8  at  temperatures  greater  than  80°.  Therefore,  the 
primary  yield  of  ethyl  radicals  G(C2H,_)  and  also  the 
primary  yield  of  CH3CHOC2H5  radicals  (G  (CH3CHOC2H5) ) 
is  5.8.  The  chain  length  at  temperatures  greater  than 

80°  will  be  G^C2H6^  for  ethane  formation.  In  Table 

“578 


IV-4 ,  chain  lengths  for  ethane  formation  at  temperatures 
greater  than  80°  and  also  percent  decomposition  of 
diethyl  ether  are  presented. 


2.  Other  Reactions. 

The  hydrogen  yield  decreased  (AG(H2)  =  1.5)  by  approx¬ 
imately  the  same  amount  as  the  ethanol  yield  increased 

(AG (CoHc0H)  =  1.6)  as  the  temperature  was  increased  from 
2  5 

33?  to  125°  (Figure  III-3A)  .  The  yields  of  these  products 


• 

J;  • 

:  . 0 .  >np  k 

V 

'  • 
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TABLE  IV-  4 


Chain  length  and  percent  decomposition  ether  at  various 


20 


temperatures.  Dose  -  1.6  x  10  eV/g 


Temperature 


G(C0H^)  _  %  decomposition  chain 

^  O  O  0 1  • 


(°c) 


diethyl  ether  length 


110 

K> 

• 

00 

140 

17.0 

160 

38.8 

180 

60.4 

220 

201 

0.30 

0.5 

0.54 

2.9 

0.85 

6.7 

1.30 

10.4 

3.48 

34.7 
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are  independent  of  temperature  in  the  range  125°  to  220° 

and  at  these  temperatures  are  nearly  the  same  as  the 

yields  in  the  liquid  phase  radiolysis  at  33°.  In  the 

high  temperature  vapor,  G(H2)  =  4.4  and  GCC^H^OH)  =  2.3 

whereas  the  liquid  phase  yields  at  33°  are  G(H2)  =  3.7  and 

G(C~HrOH)  =  2.1  (114).  The  reason  for  this  similarity 
2  5 

is  not  obvious . 

The  inverse  parallelism  in  the  changes  of  the  hydro¬ 
gen  and  ethanol  yields  with  increasing  temperature  in  the 
gas  phase  indicates  that  one  of  the  low  temperature  pre¬ 
cursors  of  hydrogen  becomes  a  precursor  of  ethanol  at 
higher  temperatures . 

Most  of  the  increase  in  ethylene  yield  (Figure  III- 
3b)  with  increasing  temperature  results  from  the  dis¬ 
proportionation  of  ethyl  radicals.  The  non-radical 
yield  of  ethylene. is  constant  at  G  =  1 . 8  up  to  140°,  then 
increases  gradually  to  2.2  at  220°. 

Ethyl  isopropyl  ether  is  presumably  formed  by  the 
reaction 

CH0  +  CHoCH0ColI  ->  CH^CHOC^Hp.  (33) 

3  3  2  5  3  |  2  5 

ch3 

The  yield  of  this  product  decreases  with  increasing  temp¬ 
erature  (Figure  III-3b)  because  the  ether  radicals  decom¬ 
pose  (reaction  4)  and  the  methyl  radicals  react  metatheti- 
cally . 


, 


■ 

■ 


. 
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CH0  +  C„H  0CoH  ->  CH  .  +  CH_CH0C9H  (34) 

3  2525  4  3  25 


The  yield  of  ethyl  methyl  acetal  is  independent  of  temper¬ 
ature  over  the  range  50°  to  180°  (Figure  III-4a)  .  This 
product  may  have  been  formed  by  the  reactions 

CHo0+  +  CH „CH„0CoH c  +  CH^CHOC.H,.  ---t  CH„CHOC„Hr  (35) 

3  3225  3i  25 


HOCH. 
+  ' 


3  |  2  5 

OCH 

+  H  J 


The  product  tentatively  identified  as  diethoxymethane  in 
the  earlier  work  (79)  was  probably  ethyl  methyl  acetal, 
because  the  latter  compound  was  not  formed  in  the  present 
experiment . 

There  is  not  sufficient  information  to  make  specula¬ 
tion  about  the  modes  of  formation  of  the  other  products 
worthwhi le . 


■  I 


. 


, 
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B .  Vapor  Phase  Radiolysis  of  Ethanol 

* 

1 .  General 

The  variation  of  the  product  yields  in  the  radioly¬ 
sis  of  ethanol  vapor  (0.66  g/1)  was  studied  over  the 
temperature  range  60°  -  375°.  The  results  are  presented 
in  Tables  III-6,  III-7  and  Figures  III-7 ,  III-8,  III-9  and 

I II— 10 .  In  Table  IV- 5,  the  ratios  of  the  product  yields 

G200°  G375° 

at  two  sets  of  temperatures,  namely  — -  and  — - 

G60°  ^200° 

are  presented.  From  Table  IV- 5  it  is  evident  that  below 
200°  temperature  has  a  relatively  small  effect  on  the 
product  yields,  whereas  over  the  temperature  range 
200°  -  375°  the  yields  of  hydrogen,  acetaldehyde,  methane, 
carbon  monoxide,  methanol,  ethylene,  ethane  and  diethyl 
ether  increase  markedly. 

The  variation  of  the  gaseous  product  yields  in  the 

radiolysis  of  ethanol  vapor  at  a  lower  density  (0.16  g/1) 

was  also  studied  over  the  temperature  range  60°  -  230°. 

The  results  are  presented  in  Table  III-8  and  Figure  III-ll. 

G20  0  ° 

In  Table  IV- 6,  the  ratio  - -  is  presented  for  each 

G60° 

measured  product.  Comparison  of  Tables  IV-5  and  IV-6 

G2o  0  ° 

shows  that  the  ratio  - -  is  virtually  independent  of 

G60° 

ethanol  density  over  the  range  0.16  to  0.66  g/l. 

Those  products  whose  yields  increase  rapidly  in  the 
temperature  range  200°  -  375°  (Table  IV-5)  must  be  formed 
by  chain  reactions.  For  the  sake  of  simplicity  the  overall 


< 


' 
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TABLE  IV- 5 


Ratio  of  the  G  values  of  products 


G 


200° 


and 


'375' 


\ 


^  ^60°  200 °j 

in  the  vapor  phase  radiolysis  of  ethanol  (0.66  g/1)  at 

different  temperatures 


Product 

G200° 

G60o 

Hydrogen 

1.1 

Acetaldehyde 

1.6 

Methane 

2.8 

Carbon  monoxide 

1.5 

Methanol 

— 

Formaldehyde 

— 

Ethylene 

1.2 

Ethane 

2.8 

Diethyl  ether 

— 

1 , 2-Propanediol 

1.0 

2 , 3-Butanediol 

1.4 

Isopropyl  alcohol 

— 

G37  5° 

G200o 

10 

31 

21 

42 

30 

4.7 

29 

11 

vl6 

v 

4.6 

0.0 


0.0 
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TABLE  IV- 6 


Ratio  of  G  values  of  products 


'20  0 
’6  0  0 


in  the  radiolysis 


of  ethanol  vapor  at  lower  density  (0.16  g/1)  at  dif¬ 
ferent  temperatures. 


Product 


G  20  0  0 

G60° 


Hydrogen 

1.0 

Methane 

3.2 

Carbon  monoxide 

1.4 

Ethylene 

1.4 

Ethane 


2.9 


. 


r 


chain  reactions  can  be  represented  by  the  following 
stoichiometric  equations. 


G37  5° 


c2h5oh 

-> 

H  +  CH3CHO 

90 

(I) 

C.H.OH 

2  5 

CH20  +  CH4 

60 

(II) 

CHo0  +  C„HcOH 

2  Z  D 

rt 

CH3OH  +  CH3CHO 

45 

(III) 

C0H  cOH 

Z  5 

-> 

C2H4  +  H2° 

40 

(IV) 

2C~Hc0H 

Z  5 

CnH  c0CoHc-  +  Ho0 

2  5  2  5  2 

16 

(V) 

Because  of  the  experimental  difficulties  in  the 
quantitative  determination  of  the  yield  of  water,  this 
was  only  measured  at  350°  and  375°,  so  could  not  be  in¬ 
cluded  in  Table  IV- 5. 

Detailed  studies  of  the  vapor  phase  radiolysis  of 
ethanol  were  made  at  150°  (a  convenient  temperature  in 
the  non-chain  temperature  region) ,  and  at  350°  (in  the 
region  where  radiation  sensitized  chain  decomposition  of 
ethanol  occurs) . 

2 .  Detailed  Study  at  150° 

The  material  balance  for  the  products  obtained  from 
radiolysis  of  ethanol  vapor  (1.50  g/1)  at  150  and  at  a 
dose  of  8  x  1019  eV/g  is  presented  in  Table  IV- 7 . 
G(-C9H,_0H)  is  found  to  be  14.7.  The  radiolysis  products 

&m*  — ' 

add  up  to  an  empirical  formula  of  C2H6.10°1.00  which 
corresponds  to  an  excess  of  G(H2)  =  0.74.  This  good 


\ 

. 


■ 

- 

' 


-A 


i.  1 


17  3 


TABLE  IV- 7 

Material  balance,  of  products  in  the  radiolysis  of  ethanol 

vapor  (1.50  g/l)  at  150° 


Product 

G  (Product)  C 

H 

0 

Hydrogen 

8.16 

— . — 

16.3  2 

— 

Methane 

3.00 

3.00 

12.00 

— 

Carbon  monoxide 

0.67 

0 . 67 

— 

0.67 

Ethane 

0.28 

0.56 

1.68 

— 

Ethylene 

1.05 

2.10 

4.20 

— 

Acetylene 

0 . 25 

0.50 

0.50 

— 

n-Butane 

0.01 

0.04 

0.10 

— 

Diethyl  ether 

0.17 

0.68 

1.70 

0.17 

Acetaldehyde 

3.04 

6.08 

12.16 

3.04 

1 , 2-Propanediol 

0.25 

0.75 

2.00 

0.50 

2 ,  3-Butanediol 

2.7  + 

0.5  10.80 

27.00 

5.40 

Formaldehyde 

3.0 

3.00 

6.00 

3.00 

Diethoxy  methane 

0.24 

1.20 

2.88 

0.48 

Water 

* 

1.50 

— 

3.0 

1.5 

TOTAL 

29.38 

89.54 

14.76 

14.69 

(C2H6.10°1. 

00} 

* 

The  yield  of  water  was  not 

measured . 

Its  value 

was  taken 

to  be  the  same  as 

that  for 

(ethylene 

+  ethane  + 

diethyl 

ether) 


7 

• 
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material  balance  shows  that  most  of  the  products  have 

i 

been  accounted  for.  The  total  extent  of  decomposition 

19 

of  ethanol  at  150°  and  at  a  dose  of  8  x  10  ©V/g  was 
0.09  percent. 

a .  Effect  of  dose.  Ethanol  density  1.50  g/l_, 

The  yields  of  various  products  obtained  in  the 
radiolysis  of  ethanol  vapor  at  150°  are  presented  as  a 
function  of  dose  in  Table  III-9  and  Figures  III-12  and 
in  Table  IV-8  the  yields  of  various  products 
extrapolated  to  zero  dose  are  presented. 

Hydrogen :  The  yield  of  hydrogen  decreases  by  2.7  G 

units  with  increasing  dose.  This  decrease  can  be  ex¬ 
plained  in  the  following  manner . 


c2h5oh- 

C2H5OH+  +  e 

(36) 

C2H5OH+  +  c2h5oh 

->  c2h5oh2+  +  ch3choh 

(37) 

C2H5OH2+  +  (m-l)C2H5OH 

^  (C2H5OH)mH+ 

(38) 

<C2H5OH)mH+  +  e" 

mC2H5OH  +  H 

(39) 

H  +  CH3CH2OH 

h2  +  ch3choh 

(40) 

2CH3CHOH 

+  ch3ch2oh  +  ch3cho 

(41) 

->  (CH3CHOH)  2 

(42) 

CH3CH0  +  e” 

_* 

->  CH3CHO 

(43) 

CH3CHO-*  +  nC2H5OH 

-*■  (CH3CH0~)  -nC2H5OH 

(44) 

(CH3CHO~)nC2H5OH 

+  <C2H5OH)mH+ 

-V  CH3CHOH  +  (m+n)C2H5OH 

(45) 

"  -  ' 


ftr 


ri: 

' 


*  I  £ 
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TABLE  IV- 8 

Product  yields  extrapolated  to  zero  dose  in  the  radiolysis 
of  ethanol  vapor  (1.50  g/1)  at  150° 


Product  G (Product) 


Hydrogen 

9.90 

Methane 

3.15 

Carbon  monoxide 

0.60 

Ethane 

0.40 

Ethylene 

1.10 

Diethyl  ether 

0.17 

Acetaldehyde 

3.70 

1 , 2-Propanediol 

0.45  +  0,25 

2 , 3-Butanediol 

2.7  +  0.5 

, 


' 

_ 

. 


■ 

t 


. 


I 
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In  the  study  of  the  "solvation"  of  hydrogen  ions 
by  water  molecules  in  the  gas  phase,  hebarle  et.al  (ll-)) 
observed  that  the  average  ‘extent  of  solvation  of  hydrogen 
ions  depends  on  the  temperature  and  pressure.  From  a 
consideration  of  their  results  on  solvation  of  the  hydro¬ 
gen  ion  by  water  (115)  and  also  the  solvation  of  the 
hydrogen  ion  by  mixtures  of  water  and  methanol  molecules 
(H6)  it  is  estimated  that  under  the  conditions  of  the 
present  study  (150°,  865  torr)  ,  the  value  m  is  about  6, 
that  is,  the  hydrogen  ion  will  be  solvated  by  six 

i  "I 

ethanol  molecules.  Reaction  39  is  about  1/  kcal  mole- 
exothermic.  The  thermochemical  data  needed  to  calculate 

AH (39)  is  presented  in  Table  IV- 9. 

At  high  doses  reaction  43  competes  with  reaction 
39.  The  decrease  of  2.7  G  units  in  hydrogen  yield  is 
similar  to  the  decrease  of  3.0  G  units  observed  with 
sulphur  hexafluoride  in  the  radiolysis  of  ethanol- 
sulphur  hexafluoride  mixtures  at  150°  in  the  present 
study.  At  a  dose  of  6.5  x  lO1^  ey/g,  the  decrease 
in  hydrogen  yield  is  half  of  the  maximum  decrease  in 
hydrogen  yield  with  increasing  dose  (Fig.  III-12A) .  The 
concentration  of  acetaldehyde  calculated  at  this  dose 
is  5  x  10"6  moles  l"1  (G(CH3CHO)  =  3.2,  Fig.  III-13A) . 
Assuming  a  value  1014  1  mole  1  sec  (2)  for  the  rate 
constant  for  the  electron-ion  neutralization,  that 
is,  k39  =  1014  1  mole-1  sec-1,  the  steady  state 


■ 


- 


' 

' 
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M  fj 
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TABLE  IV- 9 

Heats  of  formation  (aH^°)  of  molecules,  radicals  and  ions 


in  kcal  mole  ^  at  25° 


Species 

AHf° 

Species 

AHf  0 

h2o 

-57.8 

(101) 

H+ 

365 

(103) 

CH2° 

-27.7 

(101) 

C2H5OH2+ 

115.8  + 

CH.-.OH 

-48 

(101) 

(C ^Hj-OH )  ?H+ 

+  + 

24 

o 

...  it 

C2H5OH 

-56.2 

(101) 

(c2h5oh) 6h 

-268 

C2H5OC2H5 

-60.3 

(101) 

C3H6+ 

231 

(103) 

H 

52.1 

(101) 

C3H7+ 

190 

(103) 

ch3choh 

* 

-18.3 

CH3CHOH+ 

145 

(104) 

^-”^3^7 

17.6  +  1 

(  101) 

NH2 

300 

(10  3) 

C3H5 

38 

(  117) 

nh4+ 

210 

(103) 

*AHf  0 (CH3CHOH) 

=  D (H-CH (CH3) OH) 

-  AHf °  (H)  +  AH 

f 0 (CH3CH 

20H> 

D  (H-CH  (CH3) 0H)=  90  kcal  mole  1  (117) 

+  AHf 0  (CH3CH2OH2+)  =  AHf°  (C2H5OH)  +  AHf 0  (H+)  -  PA(C2H5OH) 

Proton  affinity  (PA)  of  C2H,_OH  =  193  +  8  kcal  mole  (118) 

"^^AH  0  (C  H  OH)  H+)  was  estimated  in  the  following  manner, 
f  2  5  n 

The  AH  values  for  reactions  (a)  to  (e)  are  not  known. 


(C2H5OH)H+ 

+ 

CoHc0H 

A  D 

(C2H5OH) 2H+ 

(a) 

AH  = 

-36 

(C2H5OH) 2h+ 

+ 

C2H5°H 

-+■ 

(c2h5oh) 3h+ 

(b) 

AH  = 

-22 

(C2H5OH) 3h+ 

+ 

C2H5°h 

(c2h5oh) 4h+ 

(c) 

AH  = 

-17 

(c2h5oh) 4h+ 

c2h5oh 

-> 

(C2H5OH) 5h+ 

(d) 

AH  = 

-15 

(c2h5oh) 5h+ 

+ 

c2h5oH 

~y 

(C2H5OH) 6h+ 

(e) 

AH  = 

-13 

. 

. 


. 


■V  ■  -  ■ 
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TABLE  IV-9  (continued) 

Therefore,  these  values  are  taken  to  be  the  same  as 
those  for  the  analogous  reactions  in  water  vapor.  It 
must,  however,  be  pointed  out  that  the  AH  values  for 
reactions  (a)  and  (b)  are  expected  to  be  more  negative 
than  the  values  for  the  analogous  reactions  in  water 
vapor  because  the  proton  affinity  of  ethanol  is  greater 
than  that  of  water.  The  AH  values  for  reactions  c  to 
e  are  expected  to  be  less  negative  than  the  analogous 
reactions  in  water  vapor.  The  decrease  in  preference 
for  the  clustering  of  hydrogen  ions  by  more  than  two 
ethanol  molecules  as  compared  to  the  clustering  of 
hydrogen  ions  by  more  than  two  water  molecules  is  probably 
due  to  the  larger  volume  of  the  ethanol  molecule. 

Therefore,  the  overall  effect  for  reactions  (a) 
to  (e)  may  not  be  very  much  different  than  the  overall 
effect  for  analogous  reactions  in  water  vapor.  The 
above  mentioned  estimates  were  derived  from  the  studies 
of  the  competitive  clustering  of  hydrogen  ions  by  water 
and  methanol  molecules  in  the  gas  phase  (116) . 
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concentration  of  ions  at  a  dose  rate  of  4  x  10  ey/ghr 

—  1 2  —  i 

is  calculated  to  be  about  5  x  10  moles  1  .  At  a 

dose  of  6.5  x  1019  eV/g ,  the  rate  of  reaction  43  is 
roughly  equal  to  the  rate  of  reaction  39. 

Therefore, 


k39[(C2H5OH)6H+1 [S  1  =  k43[CH3CHO] [e  ] 


(ix) 


so 


+. 


k39[(C2H5OH)6H  ] 


‘43 


[ch3c.ho] 


'Xj 


O/ 

V 


1  X  lo14  x  5  x  10  12 


5  x  10 


-6 


8  ,  -1  "I 

10  1  mole  sec 


The  value  of  k^3  has  not  been  previously  estimated.  The 
value  may  be  similar  to  that  of  electron  attachment  to 
acetone.  The  electron  attachment  frequency  v  has  been 
reported  to  be  400  torr  sec  in  pure  acetone  vapor 
(119) •  This  corresponds  to  a  rate  constant  of  7.8  x  10 
1  mole"*1  sec”1.  This  was  calculated  by  using  the  follow¬ 
ing  formula  (2)  : 


/  ,  -1  -In 

k43  (1  mole  sec  )  = 


-1  -lx 

v(torr  sec ) 


5.3  x  10  5  (mole  1  1  sec"1' 


51 


x) 


Values  for  electron  attachment  frequencies  are  similar  for 
similar  aldehydes  and  ketones  (119) . 

■pke  relatively  large  value  of  the  rate  constant 
for  electron  attachment  to  acetaldehyde  estimated  in 
the  present  work  is  perhaps  due  to  the  stabilization  of 
CH3CHO  by  ethanol,  with  the  formation  of  CH3CHO  *nC2H3OH. 


. 
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The  electron  attachment  frequencies  v  of  several  com¬ 
pounds  mixed  with  different  diluent  gases  (ethylene, 
carbondioxide ,  methanol)  at  total  pressures  of  a  few  tens 
of  torr  have  been  measured  (119) .  It  was  observed 
that  the  value  of  v  depends  on  the  nature  of  the  diluent 

gas,  as  for  example,  v  for  2 , 4-pentanedione  increased 

3 

by  nearly  two  orders  of  magnitude,  from  1  x  10  P  to 

3 

56  x  10  P  (where  P  is  the  gas  pressure  in  torr) ,  when 
the  diluent  gas  was  changed  from  ethylene  to  methanol 
(119).  This  indicates  that  the  present  value  of 
estimated  for  acetaldehyde  in  the  presence  of  ethanol 
is  not  unreasonable. 

Acetaldehyde,  methane  and  carbon  monoxide 

The  yield  of  acetaldehyde  decreases  by  1.1  G  units 
with  increase  of  dose  (Fig.  III-13A) .  A  portion  of  the 
decrease  in  acetaldehyde  yield  can  be  explained  by  the 
mechanism  written  above  to  explain  the  decrease  in  hydro¬ 
gen  yield  with  increasing  dose.  Furthermore,  the  acetalde¬ 
hyde  yield  will  decrease  because  of  its  secondary  de¬ 
composition,  which  in  turn  explains  the  slight  increase 
in  the  yields  of  methane  and  carbon  monoxide. 

Ethane,  ethylene,  diethyl  ether,  1,2-propanediol  and 

2 , 3-b'utanediol  ♦ 

The  yields  of  these  products  are  unaffected  by 


change  of  dose. 


■  Kx 

- 


■ 


■ 


« 


••  ,  ;N’-. 


' 
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b.  Ethanol-propylene  mixtures.  Ethanol  density  1.50  g/1 
The  yields  of  various  gaseous  and  liquid  products 
as  a  function  of  propylene  concentration  are  presented  in 
Table  III-ll  and  Figure  III-16. 

Hydrogen ,  methane,  acetaldehyde  and  2 , 3-butanediol 

The  yields  of  these  products  decrease  in  the  foll¬ 
owing  manner:  hydrogen  from  8.2  to  1.5,  methane  from  3.0 
to  1.2,  2 , 3-butanediol  from  2.7  to  0.0  and  acetaldehyde 
from  3.0  to  1.8 

The  decrease  in  the  product  yields  can  be  explained 
by  the  following  mechanism. 


H 

+  CH3CH2OH 

4- 

H2  +  CH3CHOH 

(40) 

ch3 

+  CH3CH2OH 

4- 

CH4  +  CH3CHOH 

(46) 

2CH3CHOH 

4- 

CH3CH2OH  +  CH3CHO 

(41) 

4 

(CH3CHOH) 2 

(42) 

H  + 

CH3~CH=CH2 

4- 

C3H7 

(47) 

ch3  +.  c3h6 

4- 

C4H9 

(48) 

CH3 

CHOH  +  C3H6 

4 

O 

i — 1 

i — l 

LO 

U 

(49) 

The  radicals  ,  C4Hg  and  C^H-^O  can  undergo  other 

reactions,  as  for  example  hydrogen  atom  abstraction, 
combination  and  disproportionation  reactions .  These 
have  not  been  included  in  the  above  mechanism  because 
their  consideration  will  not  change  the  conclusions 
reached  about  the  decrease  in  the  yields  of  hydrogen, 
methane,  acetaldehyde  and  2 , 3-butanediol .  By  applying 


f 


'V  '  -  fit,. 


' 
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the  steady  state  treatment  to  the  hydrogen  atom  con¬ 
centration,  we  -get 


Elial  =  o  =  10  2  D  g(H)t  -  k40  [H]  [CH3CH2OH]  -  k47  [H]  [C3H6] 

(xi) 

where  g (H)  is  the  total  yield  of  hydrogen  atoms  and  D 
is  the  dose  rate  in  eV/ml  sec.  Rearranging  (xi)  gives 

lO"2  D  g  (H) 

[H]  =  - - 5 -  (xii) 

k40[C2H5OH]  +  k47 [C3H6] 

Now, 

d[H  ]  _o  ,  .  .  .x 

—A-  =  10  Z  D  g(H2)  =  k4Q  [H]  [C2H5OH]  (xin) 


Substituting  for  [H]  from  xii,  into  xiii,  and  solving, 
we  get 


)  =  k40[c2H5°H]  g(H)t  . 

9  2  k40[C2H5OH)  +  k47[C3H61 


(xiv) 


therefore , 

1  1 

Ag(H2)  g  (H)  ^ 


[  1  + 


k40tC2H5OHl  . 
k47tC3H6] 


(xv) 


where  Ag(H„)  is  the  reduction  in  hydrogen  yield  caused  by 
*<• 

the  addition  of  propylene. 

Similarly,  by  applying  the  steady  state  treatment 
to  the  methyl  radical  concentration,  we  get  equation  (xvi) 


■  \  >  n  ■  ■%  ■  -  %■  ■  i --  | 


« 


-  ^ 


. 


v  t  ’  '■  .-'j 


, 


i 
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1 


"AgTCHjr 


grcnp^ 


1  + 


k46[C2H5OH] 


^48^^3H6^ 


(xvi) 


The  values  of 


1 


Ag(H2) 


Ag(CH4) 


and 


[C  H  OH] 

W 


are  presented  in  Table  IV- 10  and  plotted  in  Fig.  IV  2. 
From  the  intercept  and  slope  of  the  line  in  the 


1  [c2h5oh] 

plot  of  A^rip  against  ic3H6r 


(Fig.  IV- 2A) ,  we 


get  g(H)  =  6.5  and  k 


40 


47 


=  0.0135.  This  gives 


G ^H2^ scavengeable  =  6,5  and  G ^H2^ unscavengeable  “  lml ' 
Similarly,  from  the  intercept  and  the  slope  of  the  line 

1 


in  the  plot  of 


we  get  =  34  and  g(CH3)t  =  1.4.  This  gives 


Ag(CH4) 


against 


[c2h5oh] 


[C3H6] 


(Fig.  IV- 2b) 


"46 


G(CH,)  ,,  =1.6. 

v  4  unscavengeable  ^ 

The  value  of  the  rate  constant  k_47  is  1  x  10  1  mole 

i  ^40 

sec  1  at  150°  (120).  Thus  the  present  value  of  —  =  0.0135 

k47 

7  —  1  —  1 

corresponds  to  =  1.4  x  10  1  mole  sec  at  150°.  The 

rate  constant  k4Q  has  not  been  previously  reported  but  this 

7  -1  -1 

value  is  consistent  with  k^Q  =  1.1  x  10  1  mole  sec  at 


150°  (120). 

H  +  n-C4H^Q  H2  +  (-'4H9  ^ 

The  value  of  k.0  =  5.3  x  10  1  mole  sec  at  150°  and  at 

4  o 

about  3000  torr  has  been  reported  (121)  .  The  value  of 
k.Q  at  a  pressure  of  865  torr  (pressure  in  the  present 
study)  has  not  been  reported.  Using  the  higher  pressure 
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Kinetic  plot  for  (A)  hydrogen  yield  (B) 
methane  yield  in  the  radiolysis  of  ethanol- 
propylene  mixtures  at  150°.  Ethanol 
density  =,  1.50  g/1. 
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value  for  k^g  and  the  present  value  of  the  ratio  ^43/^45 
the  value  of  k 


"46 


3  -1 

is  estimated  to  be  1.6  x  10  1  mole 


sec  .  By  way  of  comparison,  a  value  of  ^45/^51 2  =  9.3  x 

^2 

10  ^  (1  mole  sec 


CH0  +  CH0  ->  C0H, 
3  3  2  6 


(51) 


at  182°  has  been  reported  (122)  .  Using  a  value  of 
k 


k51 


=  2.2  x  1010  1  mole  1  sec  1  (72)  and  an  activation 


energy  8.7  kcal  mole  ^  for  reaction  46  (122)  >  the  value 

3  -1  -1 

of  k.r  at  150°  is  found  to  be  6.8  x  10  1  mole  sec 

The  reason  for  the  discrepancy  between  the  two  estimates 
of  k^  is  not  known. 

The  various  kinetic  parameters  obtained  from  the 
present  study  are  summarized  in  Table  IV-12  (p.  193)  . 

The  decrease  in  the  yields  of  acetaldehyde  and 
2 , 3-butanediol  can  be  explained  as  follows. 

(i)  Due  to  the  scavenging  of  hydrogen  atoms  and 
methyl  radicals  by  propylene,  the  number  of  CHgCHOH 
radicals  produced  by  reactions  40  and  46  decrease  which, 
in  turn,  decrease  the  yields  of  acetaldehyde  and  2,3- 
butanediol . 

(ii)  The  CH^CHOH  radicals  are  also  scavenged  by 
propylene  (reaction  49) . 

The  fact  that  2 , 3-butanediol  is  completely 
scavenged  by  propylene  shows  that  this  is  formed  com- 
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pletely  from  free  radical  intermediates.  The  following 

reactions  may  explain  the  non-scavengeable  yields  of 

hydrogen  and  acetaldehyde. 

CH3CH2OH*  ->  H2  +  CH3CHO  (52) 

CHoCH0H+  +  CoH,.0H  ->  CHoCH0  +  CoHc0Ho+  (53) 

3  2  5  3  2  5  2 

In  the  present  work,  reaction  52  would  not  be  distinguished 
from  reactions  involving  hot  hydrogen  atoms . 

H  (hot  hydrogen)  +  CH3CH2OH  ->  H2  +  CH3CHOH  (54) 

atoms 

The  yield  of  carbon  monoxide  (G  (CO)  -  0.7,  Table  III-ll) 
remains  unaffected  by  propylene.  This  indicates  that 
carbon  monoxide  is  formed  from  ionic  or  excited  molecular 
precursors . 

The  above  conclusions  rest  on  the  assumption  that 
propylene  does  not  interfere  with  the  ionic  steps  in  the 
mechanism.  The  simple  alkenes ,  having  negative  electron 
affinities,  cannot  capture  electrons  and  will  not  inter¬ 
fere  with  electron  reactions.  The  ionization  potentials 
of  ethanol  and  propylene  are  10.48  and  9.73  ev  respectively 
(107)*  Therefore,  reaction  55  might  compete  with  re¬ 
action  37. 

C2H5OH+  +  C3H6  ->  C3H6+  +  C2H5OH  (55) 

The  rate  constant  k^  has  a  value  of  about  8  x  1011  1 
mole"1  sec-1.  This  was  estimated  from  the  known  rate 
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constant  values  for  the  following  reactions 

« 

CH3CHOH+  +  C2H5OH  ->  C2H5OH2+  +  CH3CHO  (53) 

CH2OH+  +  CH3OH  ->  CH3OH2+  +  CH20  (56) 

CH3OH+  +  CH3OH  ->  CH3OH2+  +  CH2OH  (57) 

The  rate  constants  k^3,  k^,  ^57  are  7.2  +  3.6  x  10 
1  mole-1  sec-1  (19)  ,>  4.1  x  1011  1  mole  1  sec  1  (123) 

and  8.1  x  1011  1  mole-1  sec-1  (123)  respectively.  As  k53 
is  not  very  much  different  from  k^,  therefore,  k37  can 
be  expected  to  be  similar  to  k^7 .  Such  a  high  value  of 
k37  indicates  that  this  reaction  occurs  with  almost  100% 
collision  efficiency.  Therefore,  it  is  only  at  very  high 
concentrations  of  propylene  that  reaction  55  might  compete 
with  reaction  37.  One  must  consider  the  fate  of  C3Hg 
ions  that  might  be  formed  by  reaction  55.  The  various 
possible  reactions  that  it  can  undergo  are  written  below. 


C3H6+ 

+  CoHc0H  + 

Z  D 

c3h7  +  ch3choh+ 

(58) 

~y 

c3h5  +  ch3ch2oh2+ 

(59) 

CH3CHOH  +  C3H7+ 

(60) 

values 

in  kcal  mole  1 

for  reactions  58, 

59  and  60 

are  -12.2,  -21.0  and  -3.1  respectively.  This  indicates 
that  reaction  59  is  most  favorable,  i.e.  the  final  fate 
of  C3H6+  would  probably  be  to  produce  C2H5OH2+.  Therefore, 
occurrence  of  a  small  amount  of  reaction  55  would  not 
affect  the  product  yields. 
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c.  Ethanol-propylene  mixtures  at  lower  ethanol 

d e n s i ty  (O'.  16  g/1) _ _ _ _ __ _ __ _ 

The  variations  in  the  yields  of  hydrogen/  methane/ 
carbon  monoxide  and  acetaldehyde  as  a  function  of  propy¬ 
lene  concentration  are  presented  in  Table  III-12  and 
Figure  III-17.  Propylene  decreases  the  product  yields 
as  follows:  hydrogen  from  9.7  to  2.4,  methane  from  3.0 
to  1.5  and  acetaldehyde  from  4.7  to  2.5.  The  yield  of 
carbon  monoxide  is  unaffected  by  propylene,  indicating 
that  it  is  formed  from  ionic  or  excited  molecular  pre¬ 
cursors.  The  decrease  in  product  yields  caused  by  pro¬ 
pylene  can  be  explained  by  reactions  40  to  42  and  46  to 
49  The  kinetic  equations  (xv)  and  (xvi)  also  apply.  Ihe 

r  t_t  nu  1 

1  1 


values  of 


A?lHp  7  Ag(CH4) 


and 


[c2h5oh] 


[C2n6r 


are  pre¬ 


sented  in  Table  IV- 11  and  plotted  in  Fig.  IV- 3. 

From  the  intercept  and  the  slope  of  the  line  in  the 

1 


against  (Fig‘  IV"3A)  '  we  get 

Ag(H2)  £  [C3H6J 

g(H)  =  7.6  and  ^  =  0.0123.  This  gives  G(H2) 


plot  of 


l2  unscaven- 


"47 


9  -1 

=  2.1.  Using  the  value  of  k47  =  1  x  10  1  mole 

geable  7  -1 

sec"1  at  150°  (120),  one  obtains  k4Q  =  1.3  x  10  1  mole 

-1 

sec 


Similarly,  from  the  intercept  and^the^slope  of  the 

1 


line  in  the  plot  of 


[C-H^OH] 

Acffcirx  agalnst  [C  H  r  (Fig-  IV_3B)' 
q  k46 


=  0.072.  This  gives 


we  get  g(CH3)t  =1.7  and 

r(rr T  \  =1.3.  Using  the  high  pressure  rate 

^n4'  unscavengeable 
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Data  for  kinetic  plot  from  propylene  additive  in  the  radiolysis  of  ethanol  vapor 
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FIGURE  IV -3 

Kinetic  plot  for  (A)  hydrogen  yield  (B) 
methane  yield,  in  the  radiolysis  of 
ethanol-propylene  mixtures  at  150°. 
Ethanol  density  =  0.16  g/1. 
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constant  value  k^g  =  5.3  x  10^  1  mole  sec  at  150° 

3 

and  3000  torr  ('12l)  ,  one  obtains  k46  =  3.8  x  10  1 

mole_1  sec”1.  The  values  of  the  various  kinetic  para¬ 
meters  obtained  are  summarized  in  Table  IV-12. 

Effect  of  pressure  on  rate  constants  k4Q/  k46,  k47,  and  k4g. 

The  values  of  the  ratio  40  at  ethanol  pressures  of 

^47 

865  torr  and  93  torr  are  very  nearly  the  same  (Table  IV-12) . 

The  value  of  k4Q  for  the  metathetical  reaction  40  is 

expected  to  be  independent  of  pressure ,  thereiore ;  the 

value  of  k47  is  also  independent  of  pressure. 

The  value  of  k46/k48  at  an  ethanol  pressure  of  93 

torr  is  higher  than  the  value  obtained  at  an  ethanol 

pressure  of  865  torr  (Table  IV-12) .  The  rate  constant 

for  the  metathetical  reaction  46  is  expected  to  be 
4  6 

independent  of  pressure.  Therefore,  the  difference  in  the 

ratio  k.^/k.o  at  two  different  ethanol  pressures  must  be 
46  4  8 

due  to  the  pressure  dependence  of  reaction  48.  To  ex¬ 
plain  this  pressure  dependence,  the  following  reactions 
should  be  considered. 


ch3  +  c3h6  - 

* 

C4H9 

(48a) 

* 

C4H9 

CH,  +  C,H, 

3  3  6 

(48b) 

C4Hg*  +  M  - 

C4H9  +  M 

(48c) 

where  M  is 

a  third  body. 

This  shows 

that  the  reaction 

48  written  earlier 

is ,  in 

fact,  a  combination  of  reactions  48a  c. 
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^  p>- 


■ 

. 


\ 


- 

1 


' 


193 


TABLE  IV- 12 

Summary  of  kinetic  parameters  in  the  radiolysis 
of  ethanol-propylene  mixtures  at  150° 


Ethanol  pressure 
(torr)  at  150° 

865 

93 

g(h2) 

8.2 

9.7 

g(ch4) 

3.0 

3.0 

G (CHgCHO) 

3.0 

4.7 

G  ( H  ) 

v  2 'unscavengeable 

1.7 

2.1 

^  ^H4^unscavengeable 

1.  6 

1.3 

G(CH3CHO)unscavengeable 

h- 1 

• 

00 

2.5 

k40 

0.0135 

0 . 0123 

k47 

—  7  —  1  —  1 

10  k40 (1  mole  sec  ) 

• 

i — l 

1.3 

k46 

0.029 

0.072 

X* 

00 

•5  —  1  —  lx 

10  J  k46(l  mole  sec  ) 

1.5 

* 

3.8 

probably  too  high  because 

it  is  based  upon 

a  high 

pressure  value  of  k4g. 


-  ,  • 
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By  writing 


k48  [ch3]  [c3h6]  ~  k48a  ^CH3^C3H6^  k48b[C4H9  ^ 

and  applying  the  steady  state  treatment  to  the 

concentration,  it  can  be  shown  that 

k„n_[M] 


k48  k48a 


■48c 


k48b  +  k48c[M] 


(xvii) 


Equation  (xvii)  explains  the  pressure  dependence  of  the 


rate  constant  k4g. 


Similarly 

the  previous 

reaction  47  should 

also  be 

represented  in 

the  following 

manner . 

H  +  C3H6  - 

C3H7* 

(47a) 

* 

C3H7 

H  +  C3H6 

(47b) 

-> 

ch3  +  c2h4 

(47c) 

C3H7*  +  m 

C3H7  +  M 

(47d) 

where  M  is  a  third  body. 

By  writing 

k47[Hnc3H6]  =  k47a[H][C3H6]  -  k47b[C3H7*] 

and  applying  the  steady  state  treatment  to  the 
radical  concentration,  it  can  be  shown  that 

\ 


k47  k47a 


k  .  _  +  k 

47c  47d 


k47b  +  k47c  +  k  4  7  dM 


(xviii) 


In  the  present  study,  k 47  was  found  to  be  independ 
ent  of  pressure.  Therefore,  reactions  (47c  +  47d)  occur 
to  the  virtual  exclusion  of  reaction  47b  under  the  pre¬ 


sent  conditions. 


. 


. 


' 
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d.  Ethanol-ammonia  mixtures.  Ethanol  density  1.50  g/1 
The  yields  of  various  products  as  a  function  of 

t 

ammonia  concentration  are  presented  in  Table  III-13  and 
Figure  III-18  (pp.lll).  None  of  the  yields  were  affected 
by  the  presence  of  ammonia.  The  proton  affinities  (in 
kcal  mole-1)  of  ammonia  and  ethanol  are  202  and  193+8 
respectively  (2) .  Because  the  proton  affinity  of 
ammonia  is  greater  than  that  of  ethanol,  reaction  62  may 
compete  with  reaction  61. 

MH+  +  C2H5OH  +  M  +  C2H5OH2+  (61) 

MH+  +  NH3  M  +  NH4+  (62) 

where  MH+  is  either  the  parent  ethanol  ion  or  some  other 
ion.  The  positive  ions  C2H,_OH2  NH^  should,  in  fact, 

be  represented  as  ^2^5^^^^  an<^  NH^  x<~2^5<")^*  The  NH^ 
ions  are  represented  as  preferentially  solvated  by 
ethanol  molecules  because^in  the  present  study > the  con¬ 
centration  of  ethanol  molecules  is  very  much  higher  than 
that  of  ammonia  molecules.  The  highest  concentration 
of  ammonia  used  in  the  present  study  was  only  7  mole 
percent. 

In  the  absence  of  ammonia,  only  (c2H5OH)mH+  ions 
will  be  present  in  the  system.  They  eventually  undergo 
neutralization  with  electrons. 

(C-Hr-OH)  H+  +  e“  mC^HpOH  +  H 
z  d  m  £  d 


(39) 


’  9  "  "  v.- 


' 


■ 


' 

■ 


V  9. 
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In  the  presence  of  ammonia,  when  reaction  62  competes 

+ 

with  reaction  61,  NH^  xC^H^OH  ions  will  also  be  formed. 
These  ions  will  then  undergo  neutralization  reactions 
with  electrons. 

NH4+xC2H5OH  +  e“  NH3  +  xC^OH  + 

As  the  final  fate  of  both  the  (CoHc0H)  H+  and 
ions  upon  neutralization  with  electrons  is  to 
hydrogen  atoms,  the  occurrence  of  reaction  62 
affect  the  product  yields.  This  was  observed 
Reaction  64  might  also  be  possible. 

H  +  NH3  ->  H2  +  NH2 

Reaction  64  has  an  activation  energy  of  10-15 
(124) .  The  rate  constant  k^4  has  a  value  of  1  x  10"  1 

mole"1  sec-1  at  150°  (124) .  The  value  of  the  rate  con- 

7  -1  -1 

stant  k^Q  =  1.4  x  10  1  mole  sec  was  obtained  m  the 

present  study.  As  the  value  of  k4Q  is  much  greater  than 

that  of  and  also  the  concentration  of  ethanol  is  much 

6  4 

greater  than  that  of  ammonia,  reaction  64  would  occur  to 
a  negligible  extent. 

e.  Ethanol-sulphur  hexafluoride  mixtures.  Ethanol 
density  I.5O  g/l 

The  yields  of  various  products  as  A  function  of 
sulphur  hexafluoride  concentration  are  presented  in 


H  (63) 

NH  . +  *  xC  J  OH 
4  Z  o 

produce 
will  not 
(Fig.  III-18) . 

(64) 

kcal  mole  ^ 


. 


, 


v 

* 


5- 


!  '  -I  I  I  1  1  '  I 
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Table  III-14a  and  Figures  III-19  and  III-20.  Sulphur 
hexafluoride  has  a  very  large  capture  cross-section  for 
thermal  electrons  (125) .  Therefore,  it  is  expected  to 
affect  the  product  yields  by  interfering  with  the  elect¬ 
ron  neutralization.  The  yields  of  methane,  carbon  mon¬ 
oxide,  acetylene,  ethylene  and  n-butane  were  not  affected 
by  sulphur  hexafluoride  indicating  that  these  products 
are  not  formed  by  reactions  involving  positive  ion- 
electron  neutralization  reactions.  The  yields  of  other 
measured  products,  however,  changed  in  the  presence  of 
sulphur  hexafluoride. 

Hydrogen,  acetaldehyde  and  2 , 3-butanediol 

Sulphur  hexafluoride  changes  the  product  yields  as 
follows  at  a  dose  of  8  x  10 19  ev/g :  hydrogen  decreases 
from  8.2  to  5.2,  acetaldehyde  (including  acetal)  in¬ 
creases  from  3.0  to  6.0  and  2 , 3-butanediol  decreases  from 
2.7  to  1.2  (Figures  III-19A,  III-20A) .  This  change  in 
product  yields  can  be  explained  by  the  following  mechan¬ 
ism: 


(C2H5OH)mH+  +  e~ 

-»■ 

mCoHc0H  +  H 

Z  D 

(39) 

H  +  CH3CH2OH 

-> 

H2  +  CH3CHOH 

(40) 

2CH3CHOH 

CH3CH2OH  +  CH3CHO 

(41) 

(CH3CHOH) 2 

(42) 

CH3CHO  +  e” 

-> 

_* 

CH3CHO 

(43) 

CH3CHO~*  +  nC2H5OH 

-> 

(CH3CHO-) nC2H5OH 

(44) 

1 


:  ■  •  .  . 

‘ 


' 


. 


. 
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(CH  CHO  ).nC2H50H  +  (C2H5OH)mH+ 

CH3CHOH 

+  (m+n)  C^Hr-OH 

2  5 

(45) 

SF6  +  e" 

SF  “ 
b 

(65) 

(C2H5OH)mH+  +  SF6- 

mCoHc0H 

Z  D 

+  HF  +  SFC 

D 

(66) 

SFr-  +  CH,CHOH 

5  o 

CH3CHO 

+  HF  +  SF4 

(67) 

The  value  of  W  =  25.1  (126) ,  so  G(e  )  -  4.0.  The 

C2H5OH 

decrease  in  the  yield  of  hydrogen  is  3.0.  This  indicates 
that  approximately  75%  of  the  neutralization  reactions  con¬ 
tribute  to  the  hydrogen  yield. 

The  product  acetaldehyde  was  not  measurable  as  such 
from  the  radiolysis  of  ethanol-sulphur  hexafluoride  mixture 
It  was  changed  into  acetal,  probably  by  reaction  68.  It 
is  known  that  addition  of  alcohols  to 

+ 

CH3CHO  +  2C2H5OH  >  CH3CH(OC2H5)  2  +  H20  (68) 

aldehydes  occurs  rapidly  in  the  presence  of  acid  (127 ) , 
and  acid  is  formed  by  reactions  66  and  67. 

The  decrease  in  the  yield  of  hydrogen  is  caused  by 
the  competition  between  reactions  39  and  65.  This  com¬ 
petition  between  the  two  reactions  might  be  expected,  in 
turn,  to  decrease  the  yields  of  (acetaldehyde  +  acetal) 
and  2, 3-butanediol.  Although  the  yield  of  2 , 3-butanediol 
decreased ; that  of  (acetaldehyde  +  acetal)  increased.  There 
are  two  probable  reasons  for  this- 


'  t 


\ 

v 
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(i)  At  the  dose  used,  reaction  43  destroys  acetal¬ 
dehyde  and  reaction  65  inhibits  this  destruction.  The 

9  -1 

value  of  the  rate  constant  is  1.8  x  10  1  mole 

sec"1  (2)  and  the  value  of  the  rate  constant  k43  = 

1  x  10  1  mole  sec  is  estimated  in  the  present  study. 

19 

The  concentration  of  acetaldehyde  at  a  dose  of  8  x  10 
eV/g  is  about  5  x  10~6  mole  1  1.  The  lowest  concent¬ 
ration  (0.065  mole  percent)  of  sulphur  hexafluoride  used 

-5  -1 

in  the  present  study  corresponds  to  2  x  10  moles  1 
Because  k^^  is  greater  than  k^3  and  also  the  concentration 
of  sulphur  hexafluoride  is  greater  than  that  of  acetalde¬ 
hyde,  reaction  65  will  occur  to  a  much  greater  extent 
than  reaction  43.  This  explains  a  portion  of  the  increase 
in  acetaldehyde  yield. 

(ii)  The  occurrence  of  reaction  67  will  increase  the 
acetaldehyde  yield  and  decrease  the  yield  of  2,3-butane- 
diol . 

1, 2-Propanediol,  diethoxy  methane  and  diethyl  ether. 

Sulphur  hexafluoride  increases  the  yields  of  these 
products  as  follows:  1,2-propanediol  from  0.3  to  1.8, 
diethoxy  methane  from  0.2  to  1.0  and  diethyl  ether  from 
0.2  to  2.4. 

The  reason  for  the  increase  in  the  yield  of  1,2- 
propanediol  is  not  known. 

The  conversion  of  formaldehyde  to  diethoxy  methane. 


r--;J  ' 
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catalysed  by  HF ,  doubtless  explains  the  increased  yield 

* 

of  diethoxy  methane. 

CH20  +  2C2H5OH  ->  CH2(OC2H5)2  +  H20  (69) 

The  yield  of  formaldehyde  at  150°  and  in  the  absence  of 
sulphur  hexafluoride  was  not  measured  but  G(CH2<0)  ^  1 
is  expected  from  the  extrapolation  of  the  curve  in  the 
plot  of  G(CH2o  +  CH^OH)  against  temperature  (Fig.  III-9 
and  Table  III-6) . 

Henis  (21)  during  a  mass  spectrometric  study  of  ion- 
molecule  reactions  in  methanol,  found  that  the  ion  (CH^) 2<0H+ 
was  formed.  By  analogy,  the  existence  of  (C  H  ) 90H+  ions 
can  be  expected  in  ethanol  as  a  result  of  ion-molecule 
reactions .  The  formation  of  ether  can  be  explained  as 
follows : 


<C2H 

c)o0H+  +  CoHc0H 
o  Z  Zb 

-> 

<C2H5) 2°  +  C2H5OH2+ 

(70) 

(C,H  )  OH+  +  e“ 

(c2h5) 2oh* 

(71) 

,(c2h5)2oh* 

-> 

(C2H5) 20  +  H 

(72) 

^C2H5^  2° 

-+ 

C2H5°  +  C2H5 

(73) 

(C2h5)  20*  +  M 

-y 

(c2h5) 2°  +  M 

(74) 

Reaction  70 

is  11  kcal  mole 

-1 

endothermic . 

AH  (70)  =  AHf  (C2H5OH2+)  +  PA^H^O  -  AHf  (H+) -AHf  (C2H  OH) 

(xix) 


'm. 
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The  thermochemical  data  are  presented  in  Table  IV  9 
(p.177).  The  proton  affinity  (PA)  of  diethyl  ether 
was  estimated  to  be  204  kcal  mole  .  This  was  esti¬ 
mated  from  the  following  proton  affinity  values  in 
kcal  mole  F :  CH^OH,  180  +  3  (2)  ;  02^^011,  193  +  8  (2)  , 

CH^OCH^  ,  191  +  10  (2)  .  Therefore,  the  formation  of 
diethyl  ether  by  reaction  70  may  not  be  an  efficient  pro¬ 
cess  at  this  temperature.  The  AH  value  for  reaction  72, 
if  both  the  diethyl  ether  and  hydrogen  atoms  are  formed 
in  their  ground  states,  is  -109  kcal  mole  .  This  is 
much  greater  than  the  bond  dissociation  energy  of  79 
kcal  mole"1  for  C^O  -  (128).  Therefore,  the 

ether  molecules  formed  can  break  up  into  the  radicals 

C-H.-0  and  C0Hc  (reaction  73)  .  A  portion  of  the  increase 
2  5  2  5 

in  the  yield  of  diethyl  ether  may  be  explained  by  the 
occurrence  of  reaction  75 

(C2H5)2OH+  +  SF6~  *  (C2H5)2°  +  HF  *  SF5  (75) 

which  would  displace  reaction  71.  Furthermore,  some  of  the 
ether  may  also  be  formed  as  a  result  of  the  reaction  of 
alcohol  with  sulphur  tetraf luoride  (129) .  In  the  present 
study  sulphur  tetraf luoride  is  probably  formed  by  reaction 

67. 

f.  Ethanol-sulphur  hexafluoride-propylene  mixture. 

Ethanol  density  1.50  g/1 _ _ _ 
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The  yield  of  hydrogen  is  2.6  in  the  radiolysis 
of  ethanol  in  the  presence  of  3.2  mole  percent  sulphur 
hexafluoride  and  5.2  mole  percent  propylene  (Table  III- 
14B) .  This  corresponds  to  Ag(H2)  =  5.6  and  can  be  ex¬ 
plained  in  the  following  manner. 

Propylene  scavenges  hydrogen  atoms  only.  The  maxi¬ 
mum  decrease  in  the  hydrogen  yield  caused  by  propylene 
is  6.5  units  (Fig.  III-16A)  .  Therefore,  g(H)^.  -  6.5. 

Three  mole  percent  of  sulphur  hexafluoride  is  in  the 


plateau  region  of  the  hydrogen  inhibition  curve  (Fig.  Ill 
19A)  and  in  the  absence  of  propylene,  causes  Ag  (H2)  =  3.0. 
The  addition  of  5  mole  percent  of  propylene  caused  g(H2) 
to  decrease  by  another  2.6  units,  which  indicates  that 
many  of  the  hydrogen  atoms  are  formed  by  processes  other 
than  ion— electron  neutralization.  Conversely,  5.2  mole 
percent  of  propylene,  in  the  absence  of  sulphur  hexafluor¬ 
ide  would  cause  Ag(H2)  to  be  about  4.8  (Fig.  III-16A) , 
whereas  Ag(H0)ma„  =  6.5 'for  propylene.  The  addition  of 
3  mole  percent  of  sulphur  hexafluoride  caused  g(H2)  to 


decrease  by  another  0.8  units,  which  is  the  amount 

3.0 


expected 


6 . 5 


x  (6. 5-4. 7) 


if  ion-electron  neutraliz¬ 


ation  produces  hydrogen  atoms  rather  than  molecular  hydro¬ 
gen  directly.  Thus  it  may  be  concluded  that  the  direct 
formation  of  molecular  hydrogen  from  ion-electron  neutra 
lization  in  ethanol  vapor  at  150°  is  negligible.  Hence, 


\ 
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G<H> ionic  =3.0  and  G (H) non_ionic  =3.5. 


g .  Effect  of  ethanol  pressure 

The  variation  of  the  G  values  of  the  products  with 
pressure  is  presented  in  Table  III-10  and  Figures  III-14 
and  III-15 .  The  yields  of  methane,  ethane,  carbon  mon¬ 
oxide,  n-butane,  1,2-propanediol  and  2 , 3-butanediol  were 
unaffected  by  change  of  pressure.  The  yields  of  hydrogen, 
acetaldehyde  and  ethylene  decreased  from  10.4,  6.3  and  2.1 
to  7 . 0 ,  2.7  and  1.0  respectively  as  the  pressure  is  in¬ 
creased  from  0  to  1693  torr  (Figures  III-14A,  III-15A, 
III-14C) . 

The  decrease  in  hydrogen  and  acetaldehyde  yields  can 
be  explained  by  the  following  mechanism. 


c2h5oh 

c2h5oh* 

(76) 

c2h  oh’ 

it 

-> 

CH3CHO  +  H2 

(77) 

-y 

CH3CHOH  +  H 

(78) 

„HcOH*  +  M 

2  D 

-y 

CoHc0H  +  M 

(79) 

H  +  C2H5OH 

-y 

H2  +  CH3CHOH 

(40) 

2CH3CHOH 

~y 

CH3CH2OH  +  ch3cho 

(41) 

-> 

(CH3CHOH) 2 

(42) 

where  M  is  ethanol. 

* 

By  applying  the  steady  state  treatment  to  the  C^OH  mole¬ 
cules  and  hydrogen  atom  concentrations  it  can  be  shown 
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that 


d[H2] 


dt 


1  + 


k?9 [M] 
k?7  +  k78 


(xx) 


therefore , 


AG(H2}max 


AG^H2)max“AG(H2) 


=  1 


k79 [M] 


k77  +  k7  8 


(xxi) 


The  values  of  AG(H2)max,  AG(H2)  and  the  ratio 


AG  (H2}  max 

AG<H2,max-iG(H2) 


are  presented  in  Table  IV-13.  AG  (II2) 


max 


is 


the  maximum  decrease  in  hydrogen  yield  with  pressure  and 

AG(HJ  =  G  (H  „ )  -  G(H9),  where  G(H?)  is  the  yield  at  zero 
2  20  Z  Arm  V  4  u 


pressure.  A  plot  of 


AGtVmax 

AG<H2>max-AG<H2> 


against  [C2H8OH] 


is  presented  in  Fig.  IV- 4A.  A  straight  line  drawn  through 

k 

the  points  has  a  slope 


“79 


v  3  x  10  J  and  an  intercept 


k77+k78 


of  1.0  (Fig.  IV-4 A) . 

Similarly,  the  decrease  in  the  yield  of  acetaldehyde 

can  also  be  explained  by  the  above  mentioned  mechanism.  By 

applying  the  steady  treatment  to  the  concentration  of 

C  H  OH*  molecules,  hydrogen  atoms  and  CH3CH0H  radicals,  it 
2  5  J 

can  be  shown  that 


k77  +  k7  8 


k 


d[CH3CH0] 


k7  7  + 


k41k7  8 


+ 


79 


dt 


k41  +  k42 


k77  + 


k41k78 


[M] 


k41  +  k4  2 


■ 


. 


. 


Data  for  kinetic  plot  in  the  radiolysis  of  ethanol  vapor  at  150°  and  at 

different  ethanol  densities  (0.078-2-96  g/l) 
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Extrapolated  value  in  the  plot  of  G(H2)  against  pressure  (Fig.  III-14A) 
Extrapolated  value  in  the  plot  of  G (CH^CHC) against  pressure  (Fig.  III-15A) 
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Therefore , 
AG (CH3CHO) 


max 


AG (CHoCH0)  -AG(CH  CHO) 
o  max  -j 


k77  +  k7  8 

k41k78 

77  +  k41+k42 


+ 


‘79 


k41k78 
k77  +  k 


[M] 


41+k42 

(xxii) 


where  ^GCCH^CHO) _  is  the  maximum  decrease  in  the  acet- 


max 


aldehyde  yield  with  pressure  and  aG(CH3CH0)  =  G(CH3CHO) 


o 


-  G(CH3CHO)  where  G(CH3CH0)q  is  the  yield  at  zero  pressure 


A  plot  of 


AG(CH3CHO)max 


AG (GH3CHO)max-AG(CH3CHO) 


against  tC2H5OH^  is  pre¬ 


sented  in  Fig •  IV— 4B.  A  straight  line  drawn  through  the 

k. 


points  has  a  slope 


‘79 


k41k78 
k77  k .  -  +k 


'w  5  x  10 

a, 


-3 


and  an 


intercept 


k77  +  k7  8 

k41k78 
77  k41+k42 


41  42 

1.7  (Fig.  IV-4B) . 


The  dotted  line  in  Fig.  IV— 4B  has  been  drawn  in  such  a 
manner  that  the  ratio  of  the  slopes  and  the  intercepts 
of  the  two  lines  (Figs.  IV-4A  and  IV-4B)  is  the  same,  as 
required  by  the  equations  (xxi)  and  (xxii) . 

The  decrease  in  the  yield  of  ethylene  with  in¬ 
crease  of  pressure. can  be  explained  by  the  following  re¬ 
actions  . 

c2h5oh*  +  c2h4  +  h2o 


(80) 


- 


■ 


. 


C-H.-OH*  + 

£  D 


M  +  C2H5OH  4-  M 


(79) 


The  competition  between  reactions  79  and  80  explains  the 
dependence  of  ethylene  yield  on  pressure. 


■ 

- 

<• 


209 


3 .  Effect  of  ethanol  pressure  at  230°  . 

The  yields  of  various  gaseous  products  as  a  function 
of  pressure  are  presented  in  Table  III-15  and  Figures  HI- 
21  and  III-22.  The  yields  of  ethane  and  acetylene  were 
independent  of  pressure.  The  yields  of  methane  and  carbon 
monoxide  increase  from  4.4  and  0.5  to  5.3  and  1.1  respect¬ 
ively  as  the  pressure  is  increased  from  54  to  1900  torr . 

The  yields  cf  hydrogen  and  ethylene  decrease  from  12.8  and 
2.7  to  7.2  and  1.3  respectively  with  increase  of  pressure 
(Figs.  III-21A  and  III-22C) . 

The  reason  for  the  increase  in  the  yields  of  methane 
and  carbon  monoxide  is  not  known. 

The’  decrease  in  the  yield  of  hydrogen  can  be  ex¬ 
plained  by  reactions  40  and  76  to  79.  The  high  pressure 
value  for  the  yield  of  hydrogen  was  about  7.0  in  the  study 
of  the  effect  of  ethanol  pressure  in  the  radiolysis  at 
150°  (Fig.  III-14A) .  This  value  compares  well  with  the 
high  pressure  value  of  G(H2)  =  7.2  obtained  in  the  pre¬ 
sent  study  at  230°.  The  value  of  G(H2)6Q  at  150°  is  10.0 
and  at  230°  is  12. 7f  where  G(H2)6Q  is  the  yield  of  hydrogen 
at  60  torr.  This  difference  in  the  yields  is  probably 
due  to  the  increased  importance  of  reaction  84  at  230° 

CH3CHOH  +  CH3CHO  +  H  (84) 

in  comparison  to  that  at  150°. 

The  pressure  dependence  of  ethylene  can  also  be 
explained  by  competition  between  reactions  79  and  80. 


. 

- 


■ 


"I 
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4 .  The  Chain  Reactions 

In  the  temperature  range  200°  to  375°,  the  yields 
of  hydrogen,  acetaldehyde,  methane,  carbon  monoxide, 
methanol,  ethylene,  ethane  and  diethyl  ether  increase 
markedly.  These  products  are  formed  by  chain  reactions. 
The  overall  chain  reactions  can  be  represented  by  the 
stoichiometric  equations  I  to  V  (page  1/2).  The  form¬ 
ation  of  these  products  as  represented  by  each  of  the 
stoichiometric  equations  will  be  discussed  separately. 


Radical  concentrations . 


I 

CoHc0H  - - 2R  (81) 

2  D 

2R  ->  Termination  (82) 

where  R  is  any  radical  and  I  is  the  rate  of  reaction  81. 

In  the  present  system,  several  free  radical  chain  mechan¬ 
isms  occur  simultaneously.  The  initiation  and  termination 
steps  of  the  various  chains  are  intermingled.  Any  radical 
can  initiate  any  chain  and  any  radical  can  participate  in 
the  termination  of  any  given  chain.  To  terminate  a  given 
chain,  only  one  of  the  chain  carriers  of  that  chain  need 
take  part  in  the  termination  step.  Therefore,  the  total 
concentration  of  radicals  R  must  be  considered  in  each 
chain  mechanism.  The  total  concentration  of  radicals  can 


be  calculated  as  follows: 


d  [R]  = 
dt 


21  - 


2  k82[R] 


2 


0 


■ 


•  ■  . 

* 

. 


/ 
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Therefore , 

t 


(xxiii) 


where  I  ~  1  x  10  D  G(R)  (i) 

2  .  .  . 
D  is  the  dose  rate  in  ev/ml  sec  and  G(R)  is  the  100  ev  yreld 

of  R.  The  factor  ~  is  included  in  equation  (i)  because 
two  radicals  are  formed  in  reaction  81. 


b.  Hydrogen  +  acetaldehyde 

The  formation  of  hydrogen  and  acetaldehyde  can  be 
explained  by  the  following  reactions . 


C2H5°H  “ 

I 

CH3CH0H  +  H 

(83) 

H  +  CH3CH2OH 

->- 

H2  +  CH3CHOH 

(40) 

ch3choh 

CH3CHO  +  H 

(84) 

CH3CHOH  +  R 

Termination 

(85) 

To  simplify  the  presentation  of  an  individual  chain 
mechanism,  the  initiation  step  is  written  in  terms  of  the 
chain  carriers  of  that  chain.  The  termination  step  is 
written  in  terms  of  one  of  the  chain  carriers  and  one 
general  radical  R.  This  oversimplification  does  not 
alter  the  forms  of  the  derived  rate  equations  because 
the  initiation  reaction  is  always  first  order  and  the 
termination  is  always  second  order  under  the  present  con 
ditions .  It  will  be  assumed  that  the  rate  constants 
of  all  the  free  radical  chain  termination  reactions  are 
equal  to  kg2.  Hence'  in  the  Present  mechanism 


- 


f. 


' 

■ 


. 


. 


212 


[R]  = 


■85 


(xxiv) 


Methane  and  carbon  monoxide  are  also  produced  by  the  chain 
decomposition  of  acetaldehyde  at  these  temperatures,  but 
for  the  sake  of  simplicity  in  the  discussion,  the  decom¬ 
position  of  acetaldehyde  will  be  ignored  and  the  total 
acetaldehyde  yield  will  be  taken  as  the  sum  of  the  acet¬ 
aldehyde  and  carbon  monoxide  yields. 

By  applying  the  steady  state  treatment  to  the  con¬ 
centration  of  radicals  CH^CHOH  and  H  we  get; 

dtCHgCHOH]^  =  o  =  j  +  k4Q  [H]  [C2H5OH]  -  kg4  [CH^HOH] 


dt 


-  kg5 [ch3choh] [R] 


(xxv) 


d  [H] 
dt 


=  0=1-  k4Q  [H],  [C2H5OH]  +  kg4[CH3CHOH]  (xxvi) 


On  solving  equations  xxv  and  xxvi  and  substituting  for 
[R]  from  xxiv,  it  can  be  shown  that  : 


[ch3choh]  = 


(xxviia) 


The  factor  2  in  equation  xxviia  arises  from  the  "irregular" 
introduction  of  the  general  radical  R  into  the  mechanism 
and  should  be  dropped. 


Hence,  [CH3CH0H]  = 
Rearrangement  of  equation 


xxvi  and 


(xxvii) 

substitution  of  [CH3CH0H] 


' 


IS'-' 


. 


[  C  Et  ^  v  o 

1.,'H 
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according  to  equation  xxvii  gives 

1 


Now , 


[H] 


k^iqigon] 


I  +  k 


84 


d  [CH3CHO] 
dt 


kg4  [ch3choh] 


85/ 


(xxviii) 


Substituting  for  [CH3CHOH]  from  xxvii,  we  get: 

\  u 

T 

=  k, 


d[CH3CHO] 


dt 


‘84 


■85 


Similarly , 


d[H2] 

dt 


=  I  +  k 


84 


n85 


and  for  long  chains,  we  get: 


d[H2]  t  \h 


Now 


dt 


i  =  a[c2h5oh] 


■84 


'85 


(xxix) 


(xxx) 


(xxxi) 


where  A  is  a  proportionality  constant  that  depends  on  the 
y-beam  intensity,  the  ethanol  molecular  absorption  co¬ 
efficient  and  the  efficiency  of  reaction  83. 


Therefore,  d[H  ] 


dt 


‘84 


A 


L85 


^  [c2h5oh]  2 


(xxxii) 


This  mechanism  predicts  that  the  formation  of  hydrogen  and 
acetaldehyde  should  be  0.5  order.  But  the  slope  of  the  plot 

of  log  G(H2)  vs  log  P  varies  from  about -0.2  at  the  lower 
pressures  to  about  -0.4  at  the  higher  pressures  (Fig.  IV- 

5B) .  The  G  value  of  a  product  may  be  expressed  as 
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=  10  2  D  G  (X) 


=  G (X) *B [C2H  OH] 

where  B  =  10  2D/[C2H^OH]  and 

absorbed  dose  rate  (^i^sec-  a  [C2H5OHJ 

so  a  slope  n  of  a  plot  of  log  G(X)  vs  ethanol  pressure 

corresponds  to  an  order  of  (n+1)  for  the  formation  of 
product  X.  Therefore,  the  formation  of  hydrogen  is  about 
0.8  order  at  the  lower  pressures  and  about  0.6  order  at 
the  higher  pressures.  The  fact  that  the  order  is  greater 
than  0.5  indicates  that  under  the  conditions  of  the  pre¬ 
sent  study,  the  decomposition  of  CH^CHOH  radicals  is  in 
the  pressure  dependent  region.  Reaction  84  in  faci_  should 
be  written  as  the  combination  of  reactions  84a-c. 

CH3CHOH  +  M  +  CH3CH0H  +  M  (84a) 

CH3CHOH*  +  M  +  CH3CHOH  +  M  (84b) 

CH3CHOH*  CH3CH0  +  H  (84c) 


where  M  is  ethanol. 


By  applying  the  steady  state  treatment  to  the  concentration 
of  CH3CHOH  radicals,  it  can  be  shown  that: 


Now , 

Substituting 


*  k  [CH  CHOH] [M] 
[CH^CHOH  ]  =  -^2 - £ - 

3  k84c  +  k84b  [M] 

d  [CH-jCHO]  * 

— a| —  =  k84c [CH3CH0H  ] 


(xxxiii) 


(xxxiva) 


?c 

for  [CH3CHOH  ]  according  to  (xxxiii) ,  we  get: 


d  [CH3CHO] 


K84a[CH  CHOH] [M] 

K84c  - - - (xxxiv) 

k84c  +  k84b 


dt 


[M] 


- 


■ 

. 


- 

' 


1 


■ 
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From  the  previous,  oversimplified  mechanism; 


d  [CH3QHO] 
~dt 


=  k84  [CH3CH°H] 


(xxxv) 


From  the  comparison  of  equations  xxxiv  and  xxxv  we  get; 

k 


'84 


k84ak84c _ 

k8  4c  +  k84b[M‘l 


(xxxvi) 


By  substituting  kg4  from  xxxvi  into  xxxii,  we  get; 


d[H2] 

dt 


k84ak84c 


k84c+k84b[C2H5CH] 


'A  f[CJ  OH]3//2 

Z  o 


85 


(xxxiia) 


This  illustrates  that  at  higher  pressures,  the  formation 
of  hydrogen  is  0.5  order} and  at  lower  pressure  it  is  1.5 

order. 

It  should  be  pointed  out  that  the  radicals  R  in  the 
chain  termination  step  (reaction  85)  are  probably  mainly 
CH3CHOH  radicals,  as  the  formation  of  hydrogen  and  acet¬ 
aldehyde  is  the  major  chain  in  the  present  system.  This 
does  not  affect  the  conclusions  reached. 

The  concentration  of  ethanol  was  kept  constant  in 
a  study  of  the  effect  of  temperature  (Fig.  IH-7)  .  One 
obtains  the  value  of  (Eg^E^)  =  30  kcal  mole  1  from  the 
plot  of  log  G(H2)chain  against  1/T(°K)  in  the  region  of 
350°  (Fig.  IV-7) .  The  yield  of  hydrogen  is  nearly  con¬ 
stant  over  the  temperature  range  80°  to  200  (Table  III- 
6).  So,  about  8.5  units  of  hydrogen  (average  hydrogen 


' 


■ 


I  j 
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Arrhenius  plot  of  (0)  hydrogen,  (A)  methane 
yields:  G(H2)cha.n  =  G(H2)-8.5;  C-(CH4)chain 

[G(CH4)t-G(C0).  -  3.1] 
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yield  over  the  temperature  range  80°  to  200°)  are  ob¬ 
tained  by  a  non-chain  mechanism.  This  yield  was  sub¬ 
tracted  from  the  higher  temperature  (290°  to  375°) 
hydrogen  yields  in  the  present  treatment  to  obtain 

G(H2) chain'  AS  thG  value  of  E85  is  zero'  E84  =  30  kCal 

,  -1 
mole 

Reaction  84  is  30  kcal  mole  endothermic.  The 
thermochemical  data  needed  to  calculate  the  AH  values 
are  presented  in  Table  IV-9 .  The  value  of  activation 
energy  Eg^  (30  kcal  mole  E)  estimated  in  the  present 
work  may  be  low,  as  previous  observations  on  the  de¬ 
composition  of  oxy  radicals  to  form  carbonyl  compounds 
indicate  that  the  activation  energy  is  higher  than  the 
enthalpy  change  for  such  reactions  (98,62,130).  The  low 
value  of  Eg^  may  be  explained  in  the  following  manner. 
Some  of  the  acetaldehyde  and  hydrogen  may  be  formed  by 
reactions  86  and  87. 

(86) 

(87) 


C2H5°  CHgCHO  +  H 


H  +  C2H5OH  ->  H2  +  C2H5° 

Therefore, the  above  estimate  of  the  activation  energy 
of  reaction  84  may  actually  be  some  average  between  the 
activation  energies  of  reactions  84  and  86.  The  acti¬ 
vation  energy  for  reaction  86  has  been  estimated  to  be 
ca.  21  kcal  mole  "S  AH(86)  is  19  kcal  mole  (62) 

Gray  and  Style  (131)  suggested  that  in  the  photolysis  of 


' 


v  t  ■  '  I 
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ethyl  nitrate, (47%  of  ethoxy  radicals  formed  decompose 
according  to  reaction  86  and  53%  decompose  according  to 
reaction  88. 

C2H50  +  CH3  +  CH20  (88) 

The  activation  energy  for  reaction  88  was  also  estimated 
to  be  21  kcal  mole  ^  (62) . 

Because  of  the  complexity  of  the  present  system, 
no  estimates  can  be  made  as  to  the  relative  importance 
of  reactions  86  and  88.  So,  the  conclusion  of  Gray  and 
Style  (131)  that  reaction  86  occurs  to  the  extent  of 
about  50  percent  in  the  photolysis  of  ethyl  nitrate  in 
the  vicinity  of  100°  is  used  in  the  present  treatment. 

As  the  activation  energies  of  reactions  86  and  88  are  the 
same,  at  higher  temperatures  reaction  86  will  still  occur 
to  the  extent  of  about  50  percent.  Therefore, 

E (observed)  =  %(E84  +  E86) 

The  value  of  E (observed)  is  30  kcal  mole  ^  and  Eor  is  21 

o  o 

kcal  mole  ^  (62).  So,  Eg4  =  39  kcal  mole  ^ . 

The  chain  represented  by  reactions  86  and  87  may  be 
terminated  by  reaction  89. 

^2H5°  +  E  Termination  (89) 

The  inclusion  of  reactions  (87) -(89)  will  not  alter  the 
kinetic  conclusions  reached  earlier  because  the  formation 
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of  hydrogen  and  acetaldehyde  by  both  the  chain  mechan 
isms  with  CH3CHOH  and  C^O  radicals  involve  the  compet¬ 


ition  between  the  unimolecular  decomposition  of  a  radical 
(reactions  84  or  86)  and  a  bimolecular  termination 
reaction  85  or  89.  In  addition  to  the  above  mentioned 


free  radical  chain  mechanism, 
mechanism  was  also  considered. 

I 

I 

C  „H  ,-OH  -"*-»■ 
2  5 

C2H5OH+  +  c2h5oh  -> 

-  c2h5oh2+  - 

C2H5OH2+  +  2C2H5OH  -> 

CH3CHOH+  +  c2h5oh  -* 

(C2H5OH)3H+  +  e”  -> 


the  following  ionic  chain 


C„H  0H+  +  e 

2  5 

(36) 

c2h5oh2+  +  ch3choh 

(37) 

CH3CHOH+  +  h2 

(90) 

(c2h5oh)  3hh' 

(91) 

C2H5°H2+  +  CH3CH0 

(53) 

Termination 

(92) 

From  a  crude  extrapolation  of  .the  results  of  Kebarle  et  al 
(115)  on  the  studies  of  the  clustering  of  water  molecules 
about  hydrogen  ions  in  the  gas  phase,  it  was  expected  that 
under  the  conditions  of  the  present  study ,  the  hydrogen  ions 
will  on  the  average  be  clustered  by  about  three  ethanol 
molecules.  Therefore,  the  main  neutralization  reaction  in 
the  system  should  be  92.  Reaction  91  occurs  in  two  steps 
and  is  reversible,  but  the  conclusions  will  not  be  altered 


by  the  present  oversimplification. 

A  corollary  to  the  fact  that  the  chain  is  long  and  the 
assumption  that  it  is  terminated  by  reaction  92  is  . 

(c2h5oh)3h+  >  (c2h5oh) 2h+  >  c2h5oh2+  >  c2h5oh 


■ H 
' 


■ 

. 

' 

i 

*' 


222 


Therefore, 

[e~]  %  (C2H5OH)3H+  (xxxviii) 

By  applying  a  steady  state  treatment  to  the  concentration 
of  [e  ] ,  we  get; 

3-  =  0  =  i'  -  kQO{  (e0Ht;OH)  H+}  [e“]  (xxxix) 
dt  92  2b  3 

Substituting  .for  [e-]  from  xxxviii  into  xxxix  we  get, 

[  (C2H5OH)  3H+]  =  (i'a92)^  (xxxixa) 

By  applying  the  steady  state  treatment  to  the  concent¬ 
ration  of  the  various  ions  and  using  the  value  of 

[  (CoHc0H) 0H+]  according  to  equation  (xxxixa)  ,  it  can 
2  5  5 

be  shown  that ; 

d[H2]  ^  k90A*  (xl) 

dt  "  k91[C2H5OH] 

This  indicates  that  the  formation  of  hydrogen  should  be 
-1.0  order.  But  in  the  present  study  the  formation 
of  hydrogen  is  +0.8  order  at  the  lower  pressures  and. 

+0.6  order  at  the  higher  pressures.  Therefore,  the 
ionic  mechanism  is  discarded. 

c.  Methane  +  formaldehyde 

The  formation  of  methane  and  formaldehyde  can  be 
explained  by  the  following  reactions; 


- 


x.  t  t 
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I 


C„HcOH 

Z  0 

ch3  + 

ch2oh 

(93) 

CH„OH  +  C0H  OH 

Z  Z  5 

-»■ 

CH  OH 

+  C0H  0 

Z  D 

(94) 

C2H5° 

->• 

CH3  + 

CH2° 

(88) 

CH3  +  C2H5OH 

CH4  + 

C2H5° 

(95) 

C0Hc:0  +  R 

-y 

Termination 

(89) 

By  applying  the  steady  state  treatment  to  the  concentration 
of  CH^ ,  CH^OH  and  C2H,-0  radicals  and  by  assuming  that 


[R]  =  (I/kgg)  2,  it  can  be  shown  that: 


d  [CH^O] 

'  dt  ~  k88 

and  for  the  long  chains  ; 


A 


\k 


d[CH4] 


'89 


A  '  h 


[CnH  OH] 
Z  D 


(xli) 


dt 


’88 


,k89. 

/ 


h 


[CoH,_0H] 
Z  o 


(xlii) 


This  mechanism  indicates  that  the  formation  of  formalde¬ 
hyde  and  methane  should  be  0.5  order.  As  methane  and  car¬ 
bon  monoxide  are  also  formed  by  the  chain  decomposition 
of  acetaldehyde  at  these  high  temperatures,  the  actual 
methane  yield  from  the  above  mechanism  is  taken  as 
[G(CH4)tQtal  -  G (CO) ] .  The  slope  of  the  plot  of 
log [G  (CH4) tQtal  “  G (CO) ]  against  log  pc  H  0H  is  0.3 
(Fig.  IV-4B) ,  which  indicates  that  the  formation  of 
methane  at  350°  is  1.0  +  0.3  =  1.3  order.  This  increase 


in  order  from  0.5  to  1.3  is  probably  due  to  the  pressure 
dependence  of  the  decomposition  of  radicals  under 


- 


' 

. 
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the  conditions  of  the  present  study.  Therefore,  reaction 
88  should  be  written  as  the  combination  of  reactions 


88a-c . 


C  0H  0  +  M 

2  b 

+  C2H5° 

+  M 

(88a) 

C2H50*  +  M 

^  C2H5° 

+  M 

(88b) 

* 

(88c) 

C2H5° 

-  CH3  + 

ch2o 

where  M  is  ethanol. 

By  applying  the  steady  state  treatment  to  the  concent- 

ration  of  C~HrO  and  solving  in  a  manner  similar  to  the 
2  b 

one  used  for  CH^CHOH  radicals  before,  we  get*. 


k 


88 


k88ak 


k88c+k 


88c 

88b 


[M] 

TmT 


(xliii) 


By  substituting  kgg  from  xliii  into  xlii,  we  get; 


d[CH4] 

dt 


k88ak88c 

k88c+k88b 


[c2h5oh] 


3 

[C2H5OH] 2 

(xliia) 


This  illustrates  that  methane  formation  should  be  0.5 
order  at  higher  pressures  and  1.5  order  at  lower  press¬ 
ures  . 

The  concentration  of  ethanol  was  kept  constant  in 
the  study  of  the  temperature  effect  (Figs.  III-8  and  III- 
9) .  The  yield  of  methane  is  nearly  constant  over  the 
temperature  range  110°  to  200°  (Table  III-6)  and,  there¬ 
fore,  may  be  formed  by  a  non-chain  mechanism.  In  order 


* 


. 
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to  obtain  G(CH.)  ,  .  ,  the  non-chain  yield  of  methane 

4  chain 

(G  (CH^ )  v  3.1,  average  value  over  the  temperature  range 

i 

110°  to  200°)  was  subtracted  from  the  yields  of  [G(CH4)T  - 

G (CO) ]  at  higher  temperatures.  From  the  plot  of  log 

G(CHJ  ,  .  vs  1/T  ( °K)  (Fig.  IV-7 )  ,  one  obtains  the  value 

4  chain 

of  (Eg8  -  h^g9)  =  19.  The  value  of  Egg  =  0,  so  Eg8  =  19 
kcal  mole 

It  will  be  shown  later  that  in  the  present  experiments 
formaldehyde  is  converted  into  methanol,  so  the  total  yield 
of  formaldehyde  is  taken  as  the  yield  of  unconverted  formal¬ 
dehyde  plus  the  methanol  yield.  No  non-chain  correction  to 
the  yields  of  (methanol  +  formaldehyde)  could  be  applied,  as 
the  yields  of  these  products  formed  by  a  non-chain  mechanism 
over  the  temperature  range  60°  to  200°  was  not  determined. 
Again,  from  a  plot  of  log  G (CHgOH  +  CH^O)  against  1/T(°K) 
(Fig.  IV-8)  ,  one  could  obtain  the  value  of  (Egg  -  ^Eg^)  =B. 
As  Eon  =  0,  so  Eqq  =  19  kcal  mole”1.  From  the  plot  of  log 
(G(CH4))  vs  1/T(°K)  (Fig.  IV-7),  one  obtains  the  value  of 

=  19  kcal  mole”1  and  also  from  the  plot  of  log  G(CH  OH  + 
8  8  J 

CH90)  vs  1/T(°K)  (Fig.  IV-8),  one  obtains  the  value  of 
E  =  19  kcal  mole”1.  Therefore,  it  is  concluded  that  Egg  = 
19  kcal  mole”1.  By  way  of  comparison,  an  activation  energy 
of  21  kcal  mole”1  for  reaction  88  has  been  reported (  62  ) • 
Reaction  88  is  10  kcal  mole”1  endothermic  (  62  ) . 

d .  Methanol  +  acetaldehyde 

The  following  reactions  explain  the  formation  of 
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Arrhenius  plot  of  (0)  methanol  +  formaldehyde, 

(A)  ethylene  and  (□  )  diethyl  ether.  G(C  H  ) 

2  4  chain 

[G  (C^H^) -1. 2]  ;  G(ether^  =  [G  (ether)  -  0.2] 


- 


* 


' 

. 
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methanol  and  part  of  the  acetaldehyde. 


ch2° 

+ 

'C2H50H2+ 

ch3oh  +  ch3choh+ 

(96) 

CjH  OH 

+ 

CH3CHOH+ 

->  CHoCH0  +  C„H  OH  + 

3  2  D  2 

(53) 

C2 

H5 

OH2+  +  e~ 

->  Termination 

(97) 

No  evidence  of  the  hydrogen  molecule  transfer  reactions 
from  C^HrOIL+  to  formaldehyde  has  been  reported  previous- 
ly .  But  it  is  known  that  alkane  and  cycloalkane  ions  can 
donate  H2  to  unsaturated  hydrocarbons  {  25  ) . 

Reaction  96  is  about  9  kcal  mole  1  endothermic. 
The  thermochemical  data  needed  to  calculate  AH (96)  is 
presented  in  Table  IV- 9 . 

The  occurrence  of  reaction  96  was  confirmed  in 
the  following  way.  In  the  radiolysis  of  ethanol  at  375° 
(ethanol  density  0.66  gl*"1)  in  the  presence  of  5  mole 
percent  formaldehyde,  the  yields  of  acetaldehyde  and 
methanol  were  found  to  be  640  and  608  respectively.  The 
yields  of  acetaldehyde  and  methanol  in  the  absence  of 
formaldehyde  were  119  and  45  respectively  (Table  III-6)  . 
Therefore,  the  increase  in  the  yields  of  acetaldehyde 
and  methanol  in  the  presence  of  formaldehyde  were  521 
and  563  units  respectively.  The  cause  for  the  differ¬ 
ence  in  the  increase  of  the  yields  of  acetaldehyde  and 
methanol  is  probably  the  chain  decomposition  of  acetal¬ 
dehyde  at  these  high  temperatures.  From  the  increase 
in  the  methanol  yield,  it  was  calculated  that  about  70 
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percent  of  the  formaldehyde  was  converted  into  methan¬ 


ol. 

The  yields  of  methanol  and  formaldehyde  in  the 
radiolysis  of  ethanol  vapor  (0.66  g/1)  at  375°  are  45 
and  14  G  units  respectively.  If  no  conversion  of 
formaldehyde  into  methanol  had  occurred  by  reaction 
96,  the  formaldehyde  yield  would  have  been  45  +  14  = 


45 

59  G  units.  This  indicates  that  about  x  100  =  75 


of  formaldehyde  was  converted  into  methanol  by  reaction 
96.  This  is  similar  to  the  conclusion  reached  from  the 
study  of  radiolysis  of  ethanol  vapor  in  the  presence 
of  5  mole  percent  formaldehyde. 

The  rate  constant  value  for  reaction  96  may  be 
estimated  in  the  following  manner.  By  assuming  a  rate 

for  the 


constant  value  of  10k^  1  mole  k  sec  k  (  2) 


electron-ion  .neutralization  reaction,  the  steady  state 

19 

concentration  of  ions  at  a  dose  rate  of  4  x  10  eV/ghr 

- 12  -1 

is  calculated  to  be  about  2  x  10  moles  1 


The  average  concentration  of  unconverted  formaldehyde 

This 

concentration  of  formaldehyde  is  used  in  the  present 


-4  -1 

during  the  experiment  is  4.6  x  10  moles  1 


calculations . 


Now, 


and 


d [CH3OH] 
dt 


d  [CH3OH] 
"dt 


k96  [CH20]  [C2H5OH2+] 


10 


-2 


D  G(CH3OH).nc 


(xliv) 


(xlv) 


' 


. 


■ 


■ 


1 


' 


. 


■ 
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where  G(CHo0H) .  is  the  increase  in  methanol  yield 
3  me  x 

caused  by  the  presence  of  5  mole  percent  formaldehyde 
in  the  radiolysis  of  ethanol  vapor  at  375°  and  D  is 
the  dose  rate  in  ev  ml  ^  sec  ^ . 


Therefore,  d[CH3oH] 


10  2  x  6.8  x  1012  x  563 


dt 


6.02  x  10 


20 


=  6.3  x  10  ^  moles  1  ^  sec  (xlva) 


u'  d[CH  OH]/dt  7  ,  , 

kn£-  v - ,  %  7  x  10  1  mole  sec 

96  [ch2o]  [c2h5oh2  ] 

This  value  of  kn^  v  7  x  10^  1  mole  ^  sec  ^  has  been 

estimated  on  the  assumption  that  the  majority  of  ions 

present  under  the  conditions  of  the  present  study  are 

C~H,_OHn+.  But  from  a  crude  extrapolation  of  the  re- 
2  _>  2 

suits  of  Kebarle  et  al  (115)  on  the  studies  of  the 
clustering  of  Water  molecules  about  hydrogen  ions  in  the 
gas  phase,  it  is  expected  that  in  the  present  system, 
the  hydrogen  ions  will  on  the  average  be  clustered  by 
about  three  ethanol  molecules.  Extrapolation  of  the 
water  results  (115)  indicates  that  the  concentration  of 
C2H5OH2+  would  only  be  1-10  percent  of  the  total  con¬ 
centration  of  ions.  Thus  the  rate  constant  k^g  is  about 

-.^9  n  ,  -1  -1 

10  1  mole  sec 


e ,  Ethylene  +  water 

The  following  reactions  explain  the  formation  of 


<V- 


. 
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ethylene  and  water. 

I 


•  C2H5OH^ 

CH2CH2OH  +  H 

(98) 

H  +  C  0H  cOH 

Z  D 

-> 

H2  +  CH2CH2OH 

(99) 

CH2CH2OH 

-> 

CH2=CH2  +  OH 

(100) 

OH  +  C0H  cOH 

2  5 

-> 

H20  +  CH2CH2OH 

(101) 

CH2CH2OH  +  R 

-> 

Termination 

(102) 

By  applying  the  steady  state  treatment  to  the  concent¬ 
ration  of  CH^CH^OH ,  H  and  OH  radicals  and  using  the 

P 

assumption  that  [R]  =  ^I/ki02^  it:  can  be  shown  that 


d[C2H4] 

dt 


k100  (a[C2H5OH^  //k10  2^ 


(xlvi) 


This  mechanism  indicates  that  the  formation  of  ethylene 
should  be  0.5  order.  The  slope  of  the  line  in  the  plot 
of  log  G(C2H4)  against  log  pc  H  0H  is  0.0  (Fig.  IV-5B) . 
This  indicates  that  the  formation  of  ethylene  is  1.0  + 
0.0  =  1.0  order  at  350°.  The  increase  in  order  from 
0.5  to  1.0  is  probably  due  to  the  pressure  dependence  of 
the  decomposition  of  the  CH2CH2OH  radicals.  Therefore, 
reaction  100  should  be  written  as  the  combination  of 
reactions  lOOa-c. 


* 


CH2CH2OH  +  M  -> 

CH2CH?OH 

+  M 

(100a) 

CH2CH2OH*  +  m  + 

CH2CH2OH 

+  M 

(100b) 

* 

CH2CH2OH  -> 

CH2=CH2  + 

OH 

(100c) 

where  M  is  ethanol. 


V 


r- 


■ 
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By  applying  steady  state  treatment  to  the  concentration 

* 

of  CH?CH  OH  and  solving  in  a  manner  similar  to  the 
one  used  for  CH3CHOH  radicals,  it  can  be  shown  that; 


■100 


k100ak100c  [C2H5QH3 

k100c  +  k100b [C2H5OH^ 


(xl  vii) 


By  substituting  k.  qq 

k 


from  xlvii  into  xlvi ,  we  get; 


d  t C  2H  4 ] 

dt 


[CoHr0H ] 2 


9 


100a  100c  25 


k100c  +  k100b [C2H5°H] 


(xl  via) 


10 


This  illustrates  that  ethylene  formation  should  be  0.5 
order  at  higher  pressures  and  1.5  order  at  lower  pressures. 

The  concentration  of  ethanol  was  kept  constant 
in  the  study  of  the  effect  of  temperature  (Fig.  III-7) . 

The  yield  of  ethylene  is  nearly  constant  over  the  temper¬ 
ature  range  60°  to  200°  (Table  III-6)  and,  therefore,  is 
formed  by  a  non-chain  mechanism.  So,  G(C2H^) chain  was 
obtained  by  subtracting  the  non-chain  yield  of  ethylene 
(G  ^  1.2  average  yield  over  the  temperature  range  60°  to 
200°)  from  the  yields  at  higher  temperatures.  From  the 
plot  of  log  G(C2H4)chain  vs  1/T(°K)  (Fig.  IV-8) /  one 


obtains  the  value  of  (E„~~  -  hE 


'100 


=  28-  Since  ElQ2  =  0, 


102 


we  get  E-^qq  =  28  kcal  mole 

-1 


-1 


Reaction  100  is  about  29 


kcal  mole  1  endothermic.  So  this  means  the  activation 
energy  of  the  reverse  reaction 


CH2  =  CH2  +  0H  *  CH2CH2OH 


(100a) 


is  zero. 


■ 


■ 

, 


. 


■ 
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f.  Diethyl  ether 

The  formation  of  diethyl  ether  at  lower  pressures 


can  be  explained  as  follows: 

I ' 

C~HrOH  — 

2  5 

C~HcOH+  +  C-H^OH  -> 

2  5  2  5 

CnH  0Ho+  +  C ~H pOH 
2  5  2  2  5 

(c2h5oh)2h+  -> 

( c  2H  5 ) 20H+  +  C2H5OH  ^ 
(C2H5OH)  2H+  +  e“  -> 


CJLOH+  +  e 

2  5 

(36) 

CoHc0H„+  +  CH-CHOH 

2  5  2  J 

(37) 

(C2H5OH) 2h+ 

(103) 

(C2H5)2OH+  +  H2° 

(104) 

(C2H5) 2°  +  C2H5°H2 

(70) 

Termination 

(105) 

A  corollary  to  the  fact  that  the  chain  is  long  and  the 

assumption  that  it  is  terminated  by  reaction  105  is 

[ (c2h5oh) 2h+] >>{ [ (c2h5) 2oh+]  or  [c2h5oh2+]}>[c2h5oh+] 

Therefore,  _  . 

[e  ]  ^  £(C2H5OH)2H  1  (xlvm) 

By  applying  steady  state  treatment  to  the  concentration  of 

e  ,  we  get  ; 

=  o  =  I*  -  k1Q5  [ (C2H5OH) 2H+[e“]  (xlix) 

Substituting  for  [e~]  from  xlviii  into  xlix  and  rearranging 
we  get  *. 

[  (c2h5oh)  2h+]  =  (i  A105)^  (1) 


By  applying  the  steady  state  treatment  to  the  concentration 
of  various  ions  and  using  the  value  of  [ (C2H^OH) 2H  ]  accord 
ing  to  equation  1,  it  can  be  shown  that} 


d[  (c2h5)  2o] 
dt 


=  k 


104 


i 

A 

k10  5 


[c2h5oh] 


*2 


(li) 


. 


m 


■ 


' 
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This  indicates  that  the  ether  formation  should  be  0.5 
order . 

As  an  analogy  to  the  work  of  Kebarle  et  al  (115)  on 
the  studies  of  the  clustering  of  hydrogen  ions  by  water 
molecules  in  the  gas  phase,  reaction  such  as  103  should, 
in  fact,  be  written  as  an  equilibrium  reaction. 

CoHc0H  *  +  C^H j-OH  ->  (C0H  OH)  0H+  (103a) 

252  25-*-  25  2 

If  reaction  103  is  considered  as  an  equilibrium  reaction, 
the  relative  concentrations  of  ions  C2H5OH2+  anc^ 

(C2H^OH) will  depend  on  the  pressure.  Two  cases  will 
be  considered  separately,  depending  on  whether  reaction 
105  is  the  chain  termination  step  or  reaction  97  is  the 
chain  termination  reaction. 

CoHc0H„+  +  e  Termination  (97) 

2  5  2 

i .  Case  I 

Reaction  105  is  considered  as  the  main  chain  termin¬ 
ation  reaction.  The  other  reactions  are  36,  37,  103a,  104 
and  70.  Reaction  105  is  considered  as  the  main  chain  ter¬ 
mination  reaction,  therefore, 

[e“]  %  [ (C2H5OH) 2H+]  (xiviii) 

By  applying  the  steady  state  treatment  to  the  concentration 
of  e  ,  and  solving  the  resulting  equation  and  using  the 
value  for  [e  ]  according  to  equation  xiviii,  we  get: 

[  (c2h5oh)  2h+]  -  (i'a105)  35 


(1) 


. 


V 


. 
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Therefore,  as  before, 

(li) 

This  equation  indicates  that  the  formation  of  ether  should 
be  0.5  order. 


d[ (C2H5) 20] 

dt 


=  k 


104 


k 


A 
10  5j 


h 


[c2h5oh] 


ii .  Case  II 

Reaction  97  is  considered  as  the  main  chain  termin¬ 
ation  step.  The  other  reactions  are  36,  37,  103a,  104 
and  70.  The  consideration  of  reaction  97  as  the  main 
chain  termination  step  requires  ; 

[C2H5OH2+]  £  [e“]  (lii) 

By  applying  the  steady  state  treatment  to  the  concentra¬ 
tion  of  e  ,  we  get  ; 

3  =  l'-  k97[C2H5OH2+]  [e']  ( liii) 


Substituting  the  value  of  [e  ]  in  liii  according  to 
equation  Lii  and  rearranging,  we  get' 

+  .  ‘  h 

[C2H5OH2  ]  =  (I  /k97)  (liv) 


By  applying  the  steady  state  treatment  to  the  concentra- 

4. 

tion  of  various  ions  and  using  the  value  of  [C2H^OH2  ] 
according  to  equation  liv,  it  can  be  shown  that; 


d[  (c2h5) 2o] 

dt 


k103ak104 

k-103a+k104 


f 

A 

k97 


3/2 

[c2h5oh] 


(lv) 


‘ 


(i:  •  r 


' 


■ 


■ 
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This  equation  indicates  that  the  formation  of  ether  should 
be  1.5  order. 

In  the  plot  of  log  G (ether)  against  log  P  (Fig. 
IV-6)/  at  lower  pressures,  the  slope  is  -0.3  which  indi¬ 
cates  that  the  formation  of  ether  is  1.0  -  0.3=  0.7 
order.  This  experimental  value  of  0.7  for  the  order  of 
formation  of  ether  at  lower  pressures  indicates  that 
reaction  105  is  the  main  chain  termination  step. 

From  a  crude  extrapolation  of  the  results  of  the 
clustering  of  hydrogen  ions  by  water  molecules  in  the  gas 
phase  (115)  ,  it  is  expected  that  in  the  present  system  at 
the  higher  pressures,  the  hydrogen  ions  on  the  average 
will  be  clustered  by  about  three  ethanol  molecules.  There¬ 
fore,  at  higher  pressures,  reaction  106  should  also  be 
considered  in  addition  to  reactions  36,37,  70,  103a  and 
104. 

(c2h5oh)2h+  +  c2h5oh  (c2h5oh)  3h+  (106) 

Reaction  92  is  considered  as  the  main  chain  termination 
step. 

(CoHr0H)  0H+  +  e”  ->  Termination  (92) 

2  5  3 

A  natural  consequence  of  the  fact  that  the  chain  is  long 
and.  the  assumption  that  reaction  92  is  the  main  chain  ter¬ 
mination  reaction  is  ; 

[  (C2H5OH)  3H+]  >  [  (C2H5OH)  2H+]  >{  [  (C2H5)  2OH+]  or  [C^OH^]  } 

>[c2h5oh+] 


.  E  I 
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Therefore , 

[e“]  £  [ (C2H5OH) 3H+] 


(xxxviii) 


By  applying  a  steady  state  treatment  to  the  concentration 
of  e  ,  we  get  : 


d  [e  ] 
dt 


=0=1  -  k92 [ (C2H5OH) 3H 


+ 


] [e  ] (xxxix) 


Substituting  for  [e  ]  into  xxxix  from  xxxviii  and  using 

i  i 


I  =  A  [C^H^OH]  ,  we  can  show  that  ; 

P 

[  (C2H5OH)  3H+]  =  (A*  [C2H5OH]/k92)2  (xxxrxa) 


By  applying  the  steady  state  treatment  to  the  concent¬ 
ration  of  various  ions  and  using  the  value  of 


“T 

[  (C2H,_0H)  3H  ]  according  to  xxxixa,  we  can  show  that 


d[  (C2H5} 20] 

dt 


'104 

'106 


A 


‘104-106 

k106 


92 


-n 


[c2h5oh] 


(1  vi) 


This  equation  indicates  that  ether  formation  should  be 
-0.5  order. 

The  slope  of  the  plot  of  log  G (ether)  vs  log  P 
(Fig.  IV-6)  at  higher  pressure  is  -1.5  which  means  that 
the  formation  of  ether  is  -1.5  +  1.0  =  -0.5  order.  This 
agreement  between  the  two  sets  of  values  for  the  order 
of  formation  of  ether  indicates  that  reaction  92  is  the 
main  chain  termination  step. 

The  concentration  of  ethanol  (0.66  g/l  was  kept 
constant  in  the  study  of  the  effect  of  temperature  (Fig. 


. 

‘ 


IS 


. 


' 


i!  . 
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III-9).  The  value  of  G  ( ether-)  cj  ^  over  the  temperature 
range  200°  to  375°  was  obtained  by  subtracting  the  yield 
of  ether  (G (ether)  =0.2)  at  150°  from  the  yields  at  higher 
temperatures.  From  a  plot  of  log  G (ether)  ,  .  vs  1/T(°K) 

(Fig.  IV-8) /  one  obtains  a  value  of  30  kcal  mole  ^  for 
the  activation  energy  of  formation  of  ether.  The  pressure 
of  ethanol  at  350°  corresponding  to  a  concentration  of 
0.66  g/l  is  568  torr.  The  study  of  the  effect  of  ethanol 
pressure  on  the  yield  of  ether  indicates  (Fig.  IV-6 )  that 
the  pressure  of  568  torr  is  in  the  transition  zone  between 
the  low  and  high  pressure  regions. 

The  rate  of  ether  formation  ,is  given  by  equation 
li  in  the  low  pressure  region.  If  the  pressure  at  which 
the  temperature  study  was  carried  out  were  in  this  region, 
the  slope  in  the  plot  of  log  G (ether ) chain  vs 
(Fig.  IV-8)  would  yield  the  value  for  Eqo4_J5E105‘  But 
as  e1Q5  is  zero,  the  value  of  E104  would  be  obtained. 

The  rate  of  ether  formation  is  given  by  equation 


lvi  in  the  high  pressure  region.  As  indicated  earlier, 
in  the  high  pressure  region  (C^H^OH) is  the  main  ion, 
For  long  chains  equation  lvi  reduces  to  ; 


dt(C2H5)20]  fr  k104k-106 

-  \j - - 


dt 


■106 


/ 

A 

k 


*2 


92 


[c2h5oh] 


(l.vii) 


If  the  pressure  at  which  the  temperature  study  was  carried 
out  were  in  this  region,  the  slope  of  the  plot  of  log 


-  I 

- 

' 
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G  (ether)  h  ^  vs  1/T(°K)  (Fig.  IV- 8)  would  yield  the 
value  of: 


Ein „  +  E  n  ^  -  En ^  -  HE 


'104 


-106 


106 


92 


The  value  of  is  zero  and  -  E_yg6^  =  AH  (106). 

Therefore,  the  value  of  (E]_q4  “  AH(106))  would  be 
obtained.  No  estimate  for  the  value  of  AH  (106)  has 
been  reported,  but  the  AH  value  for  the  analogous  re¬ 
action  in  water  vapor  is  -22  kcal  mole  1  (115) .  Using 
this  value  for  AH  (106)  ,  the  slope  would  yield  the  value 
of  (E^^-22)  kcal  mole  ^ . 

The  value  of  the  activation  energy  obtained  from 
the  plot  of  log  G (ether) chain  vs  1/T(°K)  (Fig.  IV- 8)  is 
30  kcal  mole”1  and  the  pressure  at  which  the  temperature 
study  was  carried  out  is  in  the  transition  zone  between 
the  low  and  high  pressure  regions,  therefore,  30>Eyo4>8 
kcal  mole”1.  Since  AH(104)  =  19-  kcal  mole”1,  it  is 


concluded  that  30>E^q^19  kcal  mole 


-1 


g .  Ethane 

The  yield  of  ethane  increases  from  0.7  to  1.5  over 
the  temperature  range  200°  to  320°  and  from  1.5  to  7.5 
over  the  temperature  range  320°  to  375°.  Therefore,  a 
minor  chain  appears  to  occur  over  the  temperature  range 
320°  to  375°.  The  reactions  appearing  in  the  chain  are 


not  known. 


■ 


■ 
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5 .  I nhibition  studies  at  350 0 

The  use  of  scavengers  was  prompted  by  the  idea 
that  the  study  of  the  variation  in  product  yields  by  the 
scavenging  of  different  reactive  intermediates  would 
provide  a  test  for  the  chain  mechanisms  presented  in  the 
previous  section. 

Propylene  was  used  because  it  is  expected  to 
affect  the  product  yields  by  the  scavenging  of  the  free 
radical  intermediates . 

The  proton  affinities  of  ammonia  and  ethanol  in 
kcal  mole  ^  are  202  and  193  +  8  respectively  (2)  . 
Therefore,  ammonia  may  be  expected  to  affect  the  product 
yields  by  behaving  as  a  proton  scavenger. 

Sulphur  hexafluoride  has  a  large  capture  cross- 
section  for  thermal  electrons  (125).  Therefore,  it  will 
influence  the  reactions  involving  positive  ion-electron 
neutralization  processes  by  changing  them  to  positive 
ion-negative  ion  neutralization  processes.  This  change 
may  affect  the  yield  of  radicals  produced  by  the  neutral¬ 
ization  reactions  which  will,  in  turn,  affect  the  product 
yields . 

The  effects  of  propylene,  ammonia  and  sulphur  hexa¬ 
fluoride  on  product  yields  in  the  radiolysis  of  ethanol 
at  350°  are  summarized  in  Table  IV-14.  The  effects  of 
the  scavengers  on  each  of  the  chain  mechanisms  will  be 
discussed  separately. 


. 

' 
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TABLE  IV- 14 

Summary  of  the  results  of  the  effects  of  scavengers  on 
product  yields  in  the  radiolysis  of  ethanol  at  350° 


Product 


H. 


ch3cho 


ch4  ch3oh 


C2H4  C2H5OC2H5 


45.9  42.0  39.0  17.0  19.8  5.6 


Ag 

- - -  Jmax 

Scavenger 


C3H6 

35 

no  effect 

19 

11 

4.5+  + 

no  effect 

SF6 

29 

uncertain 

30 

11 

11.6 

no  effect 

NH0 

no 

not  deter 

no 

10 

no 

5.3 

3 

effect 

mined 

effect 

effect 

G  is 
o 

the  yield  of  the 

product  in 

the 

absence  of 

the 

scavenger . 

4-  • 

A q  is  the  maximum  decrease  in  the  product  yield  caused 

’max 

by  the  addition  of  the  scavenger. 

1  *^This  decrease  in  the  ethylene  yield  is  caused  by  the 
presence  of  1.4  mole  percent  propylene  and  is  presumably 


not  the  maximum  decrease. 


. 


. 
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a.  Hydrogen  +  acetaldehyde. 

The  free  r.adical  chain  mechanism  presented  in  the 
previous  section  to  explain  the  formation  of  hydrogen 
and  acetaldehyde  indicates  that  the  yields  of  these  pro¬ 
ducts  should  decrease  by  the  addition  of  propylene  or 
sulphur  hexafluoride  and  should  remain  unaffected  by  the 
addition  of  ammonia. 

Propylene  scavenger 

It  was  observed  that  in  the  radiolysis  of  ethanol- 
propylene  mixtures  (ethanol  density  0.66  gl  ,  propylene 
decreased  the  yield  of  hydrogen  from  45.9  to  11.0  whereas 
the  yield  of  acetaldehyde  remained  unaffected  (Table  HI- 
16  and  Figures  III-23A  and  III-24A) . 

The  decrease  in  the  yield  of  hydrogen  is  caused  by 
the  competition  between  reactions  40  and  47. 

H  +  CH3CH2OH  ->  H2  +  CH3CHOH  (40) 

H  +  C3H6  +  C3H7  (47) 

H  +  C3H6  *  H2  +  C3H5  (107) 

Takahasi  and  Cvetanovic  (132)  have  reported  a  value  of 
k107//k47  =  in  their,  studies  on  their  mercury  photo¬ 

sensitized  decomposition  of  n-butane  in  the  presence  of 
propylene  at  25°.  Therefore,  it  is  expected  that  re¬ 
action  107  will  not  make  any  significant  contribution  under 
the  conditions  of  the  present  work. 


. 


i 

■ 
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The  simple  competition  between  reactions  40  and  47 
leads  to  the  relationship; 

1  =  1 
A9(H2)  A9(H2)max 

where  Ag(H2)  is  the  reduction  in  hydrogen  yield  caused 

by  the  addition  of  propylene  and  ^9(H2^max  ls  tke  maxl_ 

mum  decrease  in  hydrogen  yield  caused  by  propylene.  The 

values  of  1/Ag  (H2)  and  [c2H5OH]  /  [C-^Hg]  are  presented  in 

Table  IV-15.  From  the  intercept  and  slope  of  the  line 

in  the  plot  of  l/Ag(H2)  against  [C^H^OH] / [C-^H^]  (Fig.  IV- 

9)  we  get  Ag(H2)max  =  36  and  k40'A47  =  0.105.  The  rate 

9  -1  -1 

constant  value  k47  =  2.7  x  10  1  mole  sec  at  350° 

( 623°K)  is  calculated  from  the  reported  values  of  log 
A47  =  10.3  (1  mole-1  sec-1)  and  E47  =2.5  kcal  mole  1 
(120 )•  Using  this  value  of  k47/  a  rate  constant  value 
k4Q  =  2.8  x  10  1  mole  sec  is  obtained  for  350°. 

The  value  of  the  rate  constant  k4Q  has  not  been  reported 
before . 

The  yield  of  unscavengable  hydrogen  in  the  radioly¬ 
sis  of  ethanol-propylene  mixtures  at  350°  (ethanol  den¬ 
sity  0.66  g  l-1)  is  11.0  (plateau  value  in  the  plot  of 
g(H2)  vs  mole  percent  propylene,  Fig.  III-23A) .  The 
number  of  moles  of  hydrogen  corresponding  to  G(H2)  =  11.0 
at  the  dose  used  is  nearly  equal  to  the  number  of  moles 
of  hydrogen  obtained  in  the  blank  sample  (Table  III-22) . 
The  number  of  moles  of  hydrogen  obtained  in  the  pyrolysis 


1  + 


k40  [c2h5oh] 


k47 


(xv) 
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Kinetic  plot  for  the  hydrogen  yield  in  the 

radiolysis  of  ethanol-propylene  mixtures 

1 

at  350°.  Ethanol  density  =  0.66  gl 
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of  pure  ethanol  (ethanol  density  0.66  gl  at  350° 
is  6.5  x  10"6  (Table  III-21) .  This  value  remains 
unaffected  in  the  presence  of  propylene  within  experi¬ 
mental  error  (Table  III-22) .  This  indicates  that  the 
formation  of  hydrogen  in  the  blank  sample  is  probably 
due  to  catalytic  dehydrogenation  of  ethanol  on  the  walls 
of  the  vesdel. 

The  yield  of  acetaldehyde  remained  unaffected  in 
the  presence  of  propylene  (Table  IV-14) .  This  is  due 
to  the  chain  propagation  by  radicals  formed  by 

reaction  47. 


H  +  C  H,  -> 

3  6 

C3H7 

(47) 

+  CH3CH2OH 

C3H8  + 

CH3CHOH 

(108) 

CH3CHOK  -> 

CH.CHO 

+  H 

(84) 

The  evidence  for  the  occurrence  of  reaction  108  comes 
from  the  observation  that  in  the  radiolysis  of  ethanol- 
propylene  mixtures  at  350°  ,  the  yield  of  propane  in¬ 
creased  from  0.1  to  9.1  (Table  III-16)  and  the  yield  of 
hydrogen  decreased  from  46.0  to  33.0  (Fig.  III-23A)  as  the 
propylene  concentration  was  increased  from  0  to  1.44  mole 
percent. 

Ammonia  scavenger 

Ammonia  did  not  affect  the  yield  of  hydrogen,  in 
agreement  with  expectation  from  the  proposed  free  radical 


r 
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mechanism  for  hydrogen  formation.  The  rate  constant 
k64  at  350°  is  1  x  106  1  mole-1  sec-1. 

H  +  NH3  +  H2  +  NH2  (64) 

This  was  calculated  from  the  value  of  L,  =  1  x  104  1 

6  4 

mole  1  sec-1  at  150°  and  Eg4  =  10-15  kcal  mole-1  (124). 

The  value  of  rate  constant  k^Q  at  350°,  as  estimated 
m  the  present  study  is  2.8  x  10  1  mole  sec  .  The 

concentration  of  ethanol  in  the  present  study  is 

_2  -l 

1.43  x  10  '  moles  1  and  the  maximum  concentration  of 
ammonia  used  in  the  present  study  is  0.2  x  10  moles 
1  1.  Therefore ,  reaction  64  is  not  expected  to  make 
significant  contribution  under  the  conditions  of  the 
present  work. 

The  yield  of  acetaldehyde  could  not  be  measured  as  it 
reacts  with  ammonia  to  give  acetaldehyde  ammonia  (  S3  ) . 

Sulphur  hexafluoride  scavenger 

Sulphur  hexafluoride  decreases  the  yield  of  hydrogen 
from  45.9  to  16.8  (Fig.  III-27) .  The  decrease  in  hydrogen 
yield  is  probably  due  to  the  competition  between  reactions 
65  and  109. 


(C„H  OH) 0H+ 

+  e 

-y 

3CoHc0H  + 

H  (109) 

SF6 

+  e 

-y 

SF6_ 

(65) 

J  OH) _H+  + 

D  <j 

SV 

-y 

3C„H  OH  + 

Z  D 

HF  +  SF  c  (110) 

D 

H  +  CH3CH2OH 

-y 

H2  +  CH3CHOH  *  (40) 

I  - 


Off)  1H  -  ijl  >  y  '  ,  »i  (HO  I  1 
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CH3CHOH  +  CH3CHO  +  H  (84) 

CH3CHOH  +  SF5  +  CH3CHO  +  HF  +  SF4  (67) 

This  competition  between  reactions  65  and  109  indicates 
that  sulphur  hexafluoride  should  decrease  the  yield  of 
hydrogen. 

The  rate  constant  k^ll  is  40  1  mole  ^  sec  ^  at  350°. 

H  +  SFC  ->  HF  +  SFC  (111) 

6  .  o 

This  was  calculated  from  the  reported  values  of  log 

A =  12.3  (1  mole  ^  sec  ^)  and  =30  +  5  kcal  mole 

'  .  7  -1 

(133) •  The  rate  constant  value  is  2.8  x  10  1  mole 

sec-'*'  at  350°  as  estimated  in  the  present  study.  This 
indicates  that  the  contribution  of  reaction  111  is  negli¬ 
gible  under  the  conditions  of  the  present  work. 

The  product  acetaldehyde  was  not  measurable  as  such 
from  the  radiolysis  of  ethanol-sulphur  hexafluoride  mix¬ 
tures.  It  was  changed  into  acetal,  probably  by  reaction 
68.  It  is  known  that  ; 

H+ 

CH3CHO  +  2C2H5OH  CH3CH  (OC2H5)  2  +  H20  (68) 

addition  of  alcohols  to  aldehydes  occurs  rapidly  in  the 
presence  of  acids  (127)  and  acid  is  formed  by  reactions 
67,  110  and  114.  The  effect  of  the  presence  of  up  to  1 
mole  percent  sulphur  hexafluoride  on  the  yield  of 
(acetaldehyde  +  acetal)  is  uncertain  because  of  the 
large  amount  of  scatter  in  the  points  in  the  plot  of 
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g (acetaldehyde  +  acetal)  against  mole  percent  sulphur  hexa¬ 
fluoride  (Fig.  III-27) .  If  the  (acetaldehyde  +  acetal) 
yield  is  actually  constant,  it  may  be  due  to  the  occurrence 
of  reactions  112  and  113  and/or  114. 


SF5  - 

SF4  +  F 

(112) 

F  +  CH3CH2OH  + 

HF  +  CH3CHOH 

(113) 

SF5  +  CH3CH2OH  -> 

HSFC  +  CH-CHOH 

D  J 

(114) 

The  increase  of  sulphur  hexafluoride  concentration 
over  the  range  1  to  20  mole  percent  increases  the  yield 
of  (acetaldehyde  +  acetal)  from  about  43  to  84  G  units 
(Fig.  III-27 ) .  The  cause  for  this  increase  is  not  known. 

b.  Methane  +  formaldehyde 

The  mechanism  presented  in  the  previous  section  to 
explain  the  formation  of  methane  and  formaldehyde  shows 
that  the  yield  of  these  products  should  decrease  in  the 
presence  of  propylene  and  sulphur  hexafluoride  and  should 
remain  unaffected  in  the  presence  of  ammonia. 

The  yield  of  formaldehyde  in  the  ethanol-scavenger 
mixtures  was  not  measured.  It  will  be  pointed  out  later 
that  the  evidence  for  the  decrease  in  formaldehyde  yield 
by  the  presence  of  propylene  and  sulphur  hexafluoride 
comes  from  the  measured  decrease  in  the  methanol  yield. 

It  was  mentioned  earlier  that  formaldehyde  is  converted 
into  methanol  by  reaction  96. 


. 


' 


m  '  t 


* 


■ 


■ 

■ 


- 


■ 


249 


CH-0  +  C J  OH„+  ->  CH -OH  +  CH,.CHOH+  (96) 

Z  Z  o  Z  o  -j 

Propylene  scavenger 

The  decrease  in  the  yield  of  methane  may  be  due  to 
the  competition  between  reactions  95  and  48. 

CH3  +  CH3CH2OH  ->  CH4  +  C2H50  (95) 

CH3  +  C3H6  -  C4Hg  (48) 

The  unscavengable  yield  of  methane  in  the  present  study 
is  20.0  (plateau  value  in  the  plot  of  g(CH4)  against 
mole  percent  propylene,  Fig.  III-24A) .  The  number  of 
moles  corresponding  to  the  plateau  value  of  methane  yield 
do  not  correspond  to  the  number  of  moles  obtained  in  the 
blank  sample  (Table  III-22) ,  but  as  indicated  before  the 
number  of  moles  of  unscavengable  hydrogen  is  approximately 
equal  to  the  number  of  moles  obtained  in  the  blank  sample. 
This  high  value  of  the  unscavengable  methane  yield 
probably  indicates  that  propylene  participates  in  methane 
formation. 

Sulphur  hexafluoride  scavenger 

Sulphur  hexafluoride  decreases  the  yield  of  methane 
from  38.9  to  9.0.  This  may  be  explained  in  the  following 
manner . 

The  competition  between  reactions  65  and  109  will 
affect  the  yield  of  hydrogen  atoms  which  may,  in  turn, 
affect  the  yield  of  C2H  0  radicals  produced  by  reaction 
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87.  These  CoHr0  radicals  are  the  chain  carriers  in 
2  5 

the  mechanism  Of  formation  of  methane  and  formaldehyde. 


H  +  C2H5<0H  -*  H2  +  C2H50 

5  -i-l 

The  rate  constant  k^3  is  2  x  10'  1  mole 
at  350°.  This  was  calculated  from  the  reported 


(87) 

-I 

sec 

values 


CfU  +  SFC  ->  CH  _F  +  SFr  (H5) 

3  6  3  5 

of  log  A115  =10.3  (1  mole”1  sec”1)  and  E115  =  14  kcal 
mole  1  (134)  . 


A  value  of 


9.3  x  10  2  (1  mole  1 


-1,  2 
sec  ) 


ch3  +  c2h5oh  ch4  +  ch3choh 
ch3  +  CH3  -  c2h6 


(46) 

(51) 


at  182°  has  been  reported  (122).  The  activation  energy 
of  reaction  46  is  8.7  kcal  mole”1  (122).  The  rate  con¬ 
stant  kcn  is  2.2  x  1010  1  mole"1  sec"1  (  72  )  -  From  this 
51 

5  -1-1 

data,  the  rate  constant  k^^  =  2  x  10  1  mole  sec  at 

350°  is  calculated.  The  concentration  of  ethanol  used 

-2  -1 

in  the  present  study  is  1.43  x  10  moles  1  .  The 

concentration  of  sulphur  hexafluoride  used  in  tne 

-7  -2 

present  study  was  varied  from  3  x  10  to  0.2  x  10 
moles  l”1.  The  yield  of  methane  decreased  from  38.9  to 
9.0  as  the  concentration  of  sulphur  hexafluoride  was  varied 
from  3  x  10”7  to  3  x  10"5  moles  l"1.  The  variation  of 
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sulphur  hexafluoride  concentration  over  the  range 
3  x  10-5  to  0.2'x  10~2  moles  l-1  did  not  affect  the 
methane  yield.  Therefore,  occurrence  of  reaction  115 
is  not  expected  to  make  significant  contribution  under 
the  conditions  of  the  present  study. 

Ammonia  scavenger 

As  expected,  ammonia  does  not  affect  the  yield  of 
methane  (Fig.  III-25B) .  The  rate  constant  k116  is 
2.5  x  104  1  mole-1  sec-1  at  350°.  This  was  calculated 

CH3  +  NH3  ->  CH4  +  NH2  (116) 

from  the  reported  values  of  log  Allg  7.8  1  mole  1  sec 

and  E,,,.  =-  9.8  kcal  mole-1  (135).  The  value  of  the  rate 
116 

constant  k.r  =  2  x  10  1  mole  sec  at  350  was  calcu— 

4  D 

lated  earlier.  The  concentration  of  ethanol  used  in 

this  study  is  1. 43  x  10  moles  1  and  the  maximum  con 

-2  -1 

centration  of  ammonia  used  is  0.2  x  10  moles  1 
Therefore,  reaction  116  is  not  expected  to  make  any 
significant  contribution. 

c.  Methanol  +  acetaldehyde 

The  mechanism  presented  in  the  previous  section 
to  explain  the  formation  of  methanol  and  part  of  the 
acetaldehyde  yield  indicates  that  the  yield  of  these 
products  should  decrease  by  the  presence  of  propylene, 
ammonia  and  sulphur  hexafluoride. 
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Propylene  scavenger 

Propylene  decreases  the  yield  of  methanol  from  17.0 
to  6.0  (Fig.  III-23A) . 

The  formation  of  methanol  and  part  of  the  acetalde¬ 
hyde  yield  was  explained  earlier  by  reactions  53  and  96. 
Propylene  is  not  expected  to  interfere  with  the  occurrence 


CH„0  +  C„H[.OHn+ 

Z  Z  D  z 

->  CH3OH  +  CH3CHOH+ 

(96) 

C~HcOH  +  CH^CHOH+ 

Z  D  Z 

CHoCH0  +  CoHc0H  * 

5  Z  5  Z 

(53) 

of  reactions  53  and  96.  Therefore,  the  decrease  in 
methanol  yield  by  propylene  is  associated  with  the  de¬ 
crease  in  formaldehyde  yield.  Propylene  inhibits  the 
free  radical  chain  that  forms  formaldehyde. 

The  occurrence  of  reactions  96  and  53  indicates  that 
the  decrease  in  formaldehyde  yield  should  in  turn  decrease 
the  yield  of  acetaldehyde  formed  by  reaction  53.  But  it 
was  pointed  out  earlier  that  the  total  acetaldehyde  yield 
was  unaffected  by  propylene.  The  constancy  of  the  acet¬ 
aldehyde  yield  may  be  due  to  a  fortuitous  balance  between 
the  decrease  caused  by  the  various  inhibited  reactions 
and  an  increase  caused  by  reactions  such  as  108  and  117. 


C3H7 

+  CH3CH2OH 

+  C3Hg  +  CH3CHOH 

(108) 

C4H9 

+  CH3CH2OH 

-*  C4H10  +  ch3choh 

(117) 

CH3CH0H 

->  CH3CHO  +  H 

(84) 

■ 
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Ammonia  scavenger 

The  maximum  decrease  in  the  yield  of  methanol  caused 
by  ammonia  is  11  G  units  (Table  IV- 14) .  This  can  be  due 
to  two  reasons. 

(i)  Formaldehyde  is  known  to  react  with  ammonia  to 
give  hexamethylene  tetramine  (93  ).  The  decrease  in 
formaldehyde  yield  because  of  this  will,  in  turn,  cause 
the  methanol  yield  to  decrease. 

(ii)  The  proton  affinities  (in  kcal  mole  of 
ammonia  and  ethanol  are  202  and  193  +  8  respectively  (2), 
Therefore,  reaction  118'  can  compete  with  reaction  37. 

C2H5OH+  +  C2H5OH  ->  C2H5OH2+  +  CH3CHOH  (37) 
c2h5oh+  +  nh3  +  nh4+  +  ch3choh  (118) 

The  reaction  119  is  70  kcal  mole  endothermic , 

CH20  +  NH4+  ->  CH3OH  +  NH2+  (119) 

therefore,  it  is  not  expected  to  occur. 

The  yield  of  acetaldehyde  could  not  be  measured  as 
it  reacts  with  ammonia  to  give  acetaldehyde  ammonia  (93  ) . 

Sulphur  hexafluoride  scavenger 

Sulphur  hexafluoride  decreases  the  yield  of  methanol 
from  17.0  to  6.3. 

Sulphur  hexafluoride  is  not  expected  to  affect  the 
occurrence  of  reactions  53  ano  96.  Therefore , the  decrease 
in  the  yield  of  methanol  is  associated  with  the  de- 
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crease  in  formaldehyde  yield.  In  the  proposed  mechanism 
for  the  formation  of  formaldehyde,  sulphur  hexafluoride 
was  expected  to  decrease  its  yield.  This  was  because  the 
competition  between  reactions  65  and  109  would  affect  the 
yield  of  hydrogen  atoms  which  would  affect  the  yield  of 
Chrlt-O  free  radical  chain  carriers.  The  yield  of  form- 
aldehyde  in  the  radiolysis  of  ethanol-scavenger  mixtures 
was  not  measured.  But  the  decrease  in  methanol  yield 
caused  by  sulphur  hexafluoride  gives  further  support  to 
the  proposed  mechanism  for  the  formation  of  formaldehyde. 

d.  Ethylene  +  water 

The  proposed  mechanism  for  formation  of  ethylene 
and  water  indicates  that  the  yields  of  these  products 
should  decrease  by  the  presence  of  propylene  and  sulphur 
hexafluoride,  and  that  ammonia  should  have  no  effect. 

Due  to  experimental  difficulties,  the  yield  of 
water  was  not  determined  in  the  radiolysis  of  ethanol- 
scavenger  mixtures.  Therefore,  the  effects  of  the 
various  scavengers  on  this  mechanism  will  be  judged  from 
their  effect  on  the  ethylene  yield. 

The  decrease  in  ethylene  yield  caused  by  the  presence 
of  1.4  mole  percent  propylene  is  4.5  G  units  (Table  IV- 
14) .  The  ethylene  yield  in  the  presence  of  greater  than 
1.4  mole  percent  propylene  could  not  be  measured  because 
of  the  interference  of  propylene.  Therefore,  the  de- 
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crease  of  4.5  G  units  in  the  ethylene  yield  may  not  be 
the  maximum  decrease  that  could  result  from  the  pre¬ 
sence  of  propylene.  This  decrease  in  the  ethylene  yield 
is  probably  due  to  the  fact  that  propylene  scavenges  the 
radicals  which  are  the  chain  carriers  in  the  mechanism  for 

its  formation. 

The  maximum  decrease  in  the  ethylene  yield  caused  by 
sulphur  hexafluoride  is  11.6  G  units  (Table  IV- 14) .  The 
competition  between  reactions  65  and  109  will  affect  the 
yield  of  hydrogen  atoms  which  will  subsequently  affect 
the  yield  of  CH2CH2OH  radicals  which  are  the  chain 
carriers  for  the  chain  formation  of  ethylene.  Thus  the 
effect  of  sulphur  hexafluoride  is  due  to  the  scavenging 
of  the  chain  initiators  rather  than  the  chain  propaga¬ 
tors  . 

In  accordance  with  expectations,  the  yield  of 
ethylene  is  unaffected  by  ammonia  (Table  IV-14) . 

e.  Diethyl  ether 

The  mechanism  of  formation  of  diethyl  etner  indi 
cates  that  its  yield  should  remain  unaffected  by  the 
presence  of  propylene  and  sulphur  hexafluoride  and  should 

be  decreased  by  the  presence  of  ammonia. 

As  expected  propylene  and  sulphur  hexafluoride  did 

not  affect  the  yield  of  diethyl  ether  (Table  IV-14) . 
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The  yield  of  diethyl  ether  was  decreased  from  5.6 

to  0.3  G  units  by  the  addition  of  ammonia  (Fig.  III-26B) . 

The  proton  affinities  (in  kcal  mole  of  ammonia  and 

ethanol  are  202  and  193  +  8  respectively  (2) .  Therefore, 

reaction  118  can  compete  with  reaction  37 .  The  occurrence 

"I" 

of  reaction  118  will  cause  the  concentration  of  C2H5OH 
ions  to  decrease  which  will  in  turn  decrease  the  con¬ 
centration  of  ions  ^2H5^H2  '  ^2^5°^  2H  anc^  ^2H5^  2^H  ’ 

Therefore,  the  yield  of  diethyl  ether  will  decrease. 

f .  Ethane 

The, yield  of  ethane  decreased  from  3.5  to  2.6  G 
units  as  the  concentration  of  propylene  was  increased 
from  0  to  1.4  mole  percent  (Table  III-16) . 

Ammonia  decreased  the  yield  of  ethane  from  3.5 
to  1. 6  (Fig.  III-25D) . 

As  the  reactions  involved  in  the  formation  of  ethane 
are  not  known,  no  explanation  for  the  effect-  of  propylene 
and  ammonia  can  be  presented.  However,  the  inhibiting 
effect  of  ammonia  is  strong  evidence  that  a  positive  ion 
reaction  is  involved  in  ethane  formation. 
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APPENDIX 

A.  Effect  of  electric  field  strength  on  y-radiolysis  of 

cyclohexane  liquid 
1 .  Introduction 

Under  the  influence  of  ionizing  radiation,  hydrocarbon 
liquids  become  conductors  of  electricity.  From  the  magni¬ 
tude  of  the  induced  conductance  at  low  field  strengths,  one 
can  estimate  the  yield  of  ions  that  escape  geminate  recom¬ 
bination.  For  example,  the  yield  of  free  ions  in  each  of 
the  liquids  cyclohexane,  n-hexane  and  n-pentane  has  been 

found  to  be  0.1  (136,  137,  138). 

One  of  the  important  questions  of  radiation  chemistry 
is  the  chemical  consequences  of  the  reactions  of  ions.  Two 
approaches  have  been  taken  to  study  the  contribution  of 
io'n-molecule  reactions  to  the  overall  distribution  of  pro¬ 
ducts  in  the  radiolysis  of  hydrocarbon  liquids. 

(i)  The  effect  of  various  ion  scavengers  on  product  yields 
has  been  studied.  For  example,  it  has  been  shown  that  the 
decrease  in  hydrogen  yield  caused  by  nitrous  oxide,  in  the 
radiolysis  of  nitrous  oxide-hydrocarbon  solutions,  is  due 
to  the  electron  capture  by  nitrous  oxide  (139,  140). 

Sagert  (141)  has  studied  the  effect  of  perf luorocarbons  on 
the  radiolysis  of  cyclohexane  liquid  and  found  that  the 
decrease  in  hydrogen  yield  from  5.6  to  2.6  G  units  is  due 
to  the  capture  of  electrons  by  perf luorocarbons . 


. 

. 


' 


■ 


■ 

. 

■ 


Williams  (142)  has  found  that  the  irradiation  of  cyclo¬ 
hexane  -  ND3  solutions  gives  an  appreciable  yield  of  HD, 
and  interprets  this  in  terms  of  the  reactions  of  positive 
ions  with  the  ND^.  The  formation  of  HD  in  the  radiolysis 
of  cyclopentane  -  ND^  solutions  has  also  been  ascribed 
to  the  reactions  of  positive  ions  with  ND^  (143)  . 


(ii)  The  application  of  the  electric  fields  across  the 
hydrocarbon  liquids  under  radiation  may  affect  the  pro¬ 
duct  yields  as  some  of  the  ions  will  be  collected  at  the 
electrodes ,  thereby  changing  the  homogeneous  recombination 
of  ions  into  a  heterogeneous  one.  The  amount  of  energy 
liberated  from  the  neutralization  of  an  ion  on  the  surface 
of  an  electrode  is  usually  less  than  if  the  neutralization 
had  taken  place  by  a  homogeneous  process.  This  difference 
is  nearly  equal  to  the  electron  work  function  of  the 
electrode  (144).  Therefore,  the  amount  of  excess  energy 
in  the  molecule  will  be  lower  by  this  amount.  This  may 
change  the  mode  of  decomposition  of  the  molecules  which, 


in  turn,  would  affect  the  product  yields. 

A  study  of  the  effect  of  electric  field  on  hydrogen 
yield  during  the  radiolysis  of  liquid  normal  paraffins 
(dodecane,  tetradecane  and  hexadecane)  has  been  carried 
out  by  Gusynin  and  Tal'rose  (145).  They  observed  an  in¬ 


creased  rate  of  hydrogen  evolution  when  an  electric  field 
of  1.5  x  104  V  cm  ^  was  applied  during  the  irradiation  with 
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1.6  MeV  electrons  (145).  At  about  3  x  10  eV  cc  sec  , 
the  rate  of  hydrogen  evolution  in  the  presence  of  the 
electric  field  was  more  than  double  that  in  the  absence 
of  the  field  (145)  . 

Object  of  the  present  work 

The  present  project  was  undertaken  to  study  the 
consequences  of  ion  neutralization  at  electrode  surface. 

2 .  Experimental 

a •  Materials  used 

(i)  For  irradiation:  Eastman  Spectrograde  cyclohexane 

was  used  for  some  experiments  and  for  other  experiments 
purified  Phillips  Research  grade  cyclohexane  was  used.  The 
following  method  was  used  for  purification. 

300  ml  of  cyclohexane  was  shaken  two  times,  each  for 
one  hour  duration,  with  75  ml  of  concentrated  nitric  acid 
and  75  ml  of  concentrated  sulphuric  acid.  A  yellowish  color 
developed  in  the  cyclohexane  layer  which  disappeared  by 
successive  shaking  of  cyclohexane  layer  four  times,  each 
time  for  four  hours  using  fresh  concentrated  sulphuric  acid. 
The  cyclohexane  layer  was  separated  and  washed  with  double- 
distilled  water,  followed  by  a  dilute  solution  of  sodium 
carbonate  and  finally  several  times  with  double— distilled 
water.  It  was  then  dried  over  anhydrous  magnesium  sul¬ 
phate.  It  was  then  fractionally  distilled  using  a 
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standard  Vigreaux  column  packed  with  glass  helices.  Only 

i 

the  middle  fraction  was  retained  and  stored  under  vacuum 
reservoir  in  the  vacuum  rack.  This  was  used  for 
making  the  samples.  Ten  ml.  of  the  cyclohexane  was  vacuum 
distilled  into  a  special  cell  (Fig.  A-2) .  After  thorough 
degassing,  the  cell  was  sealed  off  from  the  vacuum  rack 
with  a  flame. 

For  polymer  product  analysis  Eastman  Spectrograde 
cyclohexane  dried  over  lithium  aluminium  hydride  was  used. 

( i i )  Compounds  used  for  identification  and  calibratj_on 


standards . 


No 

Compound 

Supplier 

1. 

Dicyclohexyl 

Aldrich  Chemical  Co. 

2- 

Cyclohexene 

Phillips  Research  grade- 
This  was  distilled  before 

use. 

3. 

Hexene-1 

Phillips  Research  grade- 
This  was  distilled  before 

use . 

(b) 

VPC  Columns  used  for 

analysis 

2h  meter  silica  gel  (medium  activity)  column 

2h  meter,  10%  Ucon  75  H  1400  on  Firebrick  30-60  mesh. 

2h  meter,  30%  3 3 1 oxydipropionitrile  on  Firebrick 
30-60  mesh 

2^  meter,  20%  Apiezon-L  on  Diatoport  WAW  60-80  mesh 
2%  meter,  activated  charcoal  column 


5. 
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c .  High  voltage  source 

A  Spellman  High  Voltage  Company  Model  PN-30  dc 
power  supply  gave  voltages  over  the  range  1  to  30  kV . 

d.  Electric  circuit 

The  electric  circuit  is  schematically  shown  in  Fig. 

A-l. 

The  cell  C  and  gamma  source  S  were  located  in  an 
irradiation  'cave' .  The  voltage  source  DC  and  the  micro- 
micro  ammeter  were  in  an  adjoining  room.  The  cell  was 
connected  to  the  voltage  generator  and  the  micromicro— 
ammeter  through  26  ft  long  connecting  cables. 

e.  Cell  for  irradiation  of  cyclohexane  liquid 

The  cell  used  for  irradiation  of  cyclohexane  liquid 
under  the  influence  of  electric  field  is  shown  in  fig. 

A-2.  The  platinum  electrodes  are  25.7  mm  diameter  discs 
with  rolled  edges  ;  to  prevent  sparking.  The  distance  be¬ 
tween  the  electrodes  is  5.6  +  0.1  mm.  The  tungsten  stems 
are  spot  welded  to  the  backs  of  platinum  electrodes.  The 
electrical  wire  connections  from  the  tungsten  stem  are 
very  well  insulated  to  prevent  sparking.  No  metal  portion 

of  the  lead  wires  or  connections  is  left  exposed  to  the 

4  -1 

air.  Furthermore,  in  experiments  where  4.5  x  10  Vcm 
voltage  is  applied,  a  14-in  x  16-in  rubber  sheet  was  hung 
between  the  cathode  and  anode  leads.  Air  is  also  circu- 
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Source  of  dc  voltage 
Cell 

Gamma  source 

Micromicro  ammeter  (E-H  Research 
Laboratories  Inc.  Co.  Model  240) 
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lated  around  X  (Fig.  A-2)  so  as  to  keep  it  at  the  room 
temperature . 

The  cell  was  cleaned  with  a  3:1  mixture  of  hot  concen¬ 
trated  sulphuric  and  nptric  acids.  It  was  then  thoroughly 
rinsed  with  doubly  distilled  water.  The  last  two  fillings 
of  water  remained  in  the  cell  15  minutes  each.  After  this 
procedure ,  the  cell  was  evacuated.  During  evacuation/  the 
cell  was  heated  many  times  to  drive  off  all  the  moisture. 

The  cell  was  evacuated  overnight  before  introducing  the 
hydrocarbon.  Ten  ml.  of  cyclohexane  was  used  each  time. 

The  active  volume  (volume  of  cyclohexane  in  between  the 
electrodes)  was  2.6  cc. 

f .  Cell  for  dosimetry. 

A  cell  similar  in  design  to  the  one  used  for  electric 
field  experiments  but  without  any  electrodes  was  used  for 
dosimetry . 

The  dose  rate  was  determined  with  the  Fricke  dosi¬ 
meter,  making  the  appropriate  electron  density  corrections. 

The  dose  rate  used  in  all  the  experiments  was  about 
8  x  1017  eV/ml  hr. 

g .  Sample  preparation  and  product  analysis 

The  techniques  employed  for  sample  preparation  and 
product  analysis  were  similar  to  those  described  earlier  in 
the  experimental  section  of  this  thesis. 

For  polymer  analysis,  the  following  procedure  was 
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adopted.  The  irradiated  liquid  was  poured  out  of  the  cell 
into  a  small  weighed  beaker.  It  was  then  evaporated  in 
a  stream  of  nitrogen  for  about  15  minutes.  The  beaker  was 
weighed  again.  The  residue  was  dissolved  in  carbon  tetra¬ 
chloride  and  then  analyzed  for  compounds  using  33'oxydi- 
propionitrile  column  and  for  C^2  compounds  using  Apiezon-L 

column. 

3.  Results  and  Discussion. 

The  yields  of  various  products  as  a  function  of 
applied  electric  field  strength  over  the  range  0  to  44.6 
kV/cm  are  presented  in  Table  A-l  and  Fig.  A--3.  The  yields 
of  products  obtained  by  the  irradiation  of  cyclohexane 
liquid  in  a  cell  without  platinum  electrodes  are  also  pre¬ 
sented  in  Table  A-l. 

The  yields  of  cyclohexene  and  dicyclohexyl  obtained 
in  the  radiolysis  of  cyclohexane  in  a  cell  with  platinum 
electrodes  are  less  by  0.4  +  0.1  and  0.11  +  0.03  G  units 
whereas  the  yield  of  the  polymer  is  greater  by  0 . 3  G  units 
as  compared  to  the  yields  of  cyclohexene,  dicyclohexyl  and 
polymer  obtained  in  the  radiolysis  of  cyclohexane  in  a  cell 
without  platinum  electrodes.  The  yield  of  hydrogen  is 
the  same  in  both  cases  (Table  A-l) .  Therefore,  this  indi¬ 
cates  that  the  platinum  electrodes  do  have  a  small  effect 
on  the  yields  of  liquid  products.  The  cause  for  this  effect 
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FIGURE  A- 3 
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The  yields  of  hydrogen,  cyclohexene,  dicyclohexyl 
and  polymer  remain  unchanged  by  the  application  of  elect¬ 
ric  fields  (Table  A-l  and  Fig.  A-3) .  It  must,  however, 
be  pointed  out  that  the  active  volume  (volume  of  cyclo¬ 
hexane  in  between  the  electrodes)  is  only  2.6  cc  out  of 
the  total  10  cc  of  sample.  Therefore,  the  total  observed 
effect  will  be  1/4  th  of  the  real  effect.  The  value  of 
G(H2)  in  the  absence  of  any  applied  field  is  5.4  +  0.1 
(Table  A-l) .  The  application  of  electric  fields  of  upto 
4.5  x  104  V  cm"1  had  no  effect  on  product  yields  (Table 
A-l)  within  an  estimated  error  of  —-i  x  2~-  x  100  =  7 
percent.  This  is  contrary  to  the  earlier  observation  of 
Gusynin  and  Talrose  (145)  that  the  application  of  electric 
field  has  a  large  effect  on  the  hydrogen  yield  in  the 
radiolysis  of  dodecane,  tetradecane  and  hexadecane.  In 
a  later  publication,  Talrose  (144)  concluded  that  the 
earlier  observations  of  effect  of  electric  field  on  the 
hydrogen  yield  is  probably  due  to  the  occurrence  of 
convective  motion  induced  by  the  field  and  is,  therefore, 
not  the  direct  effect  of  electric  field  on  the  ionic 
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B. 


Calculation  of  stopping  power  ratios. 

The  rate  of  energy  loss  of  a  high  energy  electron 
per  unit  path  length  in  a  medium  is  given  by  Bethe's 

equation  (146). 


dT 
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dX 


coll 


2TTe  ZN 
w2 

m  V 
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In 


m  V2T 
2I2 { 1—  3  2 ) 


2/  l-$2-l+32 


\ 


In  2 


i(i-/i~32) 2 
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where  dT  = 


N 


+  (1-3  )  +  g( 

collisional  loss  of  kinetic  energy  in  ergs  per 
increment  of  path  length,  dx ,  in  cm 
number  of  molecules/cc  =  (molecules/mole)  x 
(moles /cc)  =  6.02  x  1023  x  (moles/volume  (V)  ) 


Z 
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esu 


=  number  of  electrons/molecule 
=  electronic  charge  -  4.80  x  10 
-  relativistic  kinetic  energy  of  the  electron, 
assumed  to  be  0.6  KeV  (9.6-  x  10~7  ergs)  for 
Co^  y-radiation. 


v  = 


T  .  -  2  2 

velocity  of  the  electron  =  c(l-(l  +  —%)  ) 

m  _C 
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2.7  x  10  cm/sec 
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=  velocity  of  light  -  3.0  x  10  cm/sec 
=  rest  mass  of  the  electron  =  9.11  x  10 
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where  N  =  number  of  atoms  of  element  1  per  molecule 
Z  =  number  of  electrons/atom  of  element  1 
I  =  average  excitation  potential  of  element  1 

If  the  number  of  cc  (V)  is  kept  constant  and  the  calcul¬ 
ation  is  done  for  1  mole  of  gas  then 

6.02  x  1023 
N  =  — — - 

V 

Define  -  =  rate  of  energy  loss  per  cm  per  mole, 

dx 

ergs/cm/mole,  then 


dT1 

dx 
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The  relative  stopping  power  per  mole  for  compounds  1  and  2 


will  be  given  by 
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